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INTRODUCTION 
Proterozoic rock sequences, representing half 
of the recorded earth history from 2500 m.y. to 550 m.y., 
are found on every continent as folded mountain belts 
encircling the stable cratonic blocks of Archaean age 
(Rogers 1993). The tectonic evolution of these belts is not 
perfectly understood and has been a topic of heated debate 
among the geoscientists working on Precambrian terrains 
(Rogers 1986; 1993). Both mtracratonic and mtercratonic 
models are proposed . The concept of mtracratonic origin 
includes initiation of localized riftmg through small scale 
mantle convection, volcanism, broad scale sedimentation and 
finally compression and felsic magmatism. The deformation m 
this model has been suggested to be the result of low angle 
normal faulting rather than thrusting. In mtercratonic 
model the development of these belts is explained m terms 
of plate tectonics where the initial rift related basins are 
evolved upto ocean stage, subduct ion of oceanic lithosphere 
and ultimate compression by collision. In this manner the 
belts represent the suture along which the Archaean discrete 
blocks are welded to form large terrains. 
Although the debate is still unresolved, the 
new and more reliable data strongly suggest that plate 
tectonics or a closely similar process was in action at 
about 2.5 b.y. ago (Naqvi et al . 1988; Krogstad et al. 1989; 
Gal] 1992). It IS also known that a larap amount of nf»w 
continental crust was generated during earlv to middle 
Proterozoic (Rogers 1993). The Phanerozoic type plate 
tectonics has been suggested to be a most favourable process 
for crustal growth m many Proterozoic mobile zones m 
northern hemisphere (Hoffman 1980; 1988; Kroner 1981; Lewry 
1981; Park 1985, Condie 1989; Sugden et al. 1990). 
Therefore, constraining the Proterozoic tectonic framework 
of a region may have wider implications in terms of 
understanding the crustal growth during early part of earth 
history. 
Since a close relationship between tectonism 
and magmatism is well known for a long span of time/ the 
study of mafic magmatic rocks provide excellent opportunity 
for understanding the historical development of a typical 
Proterozoic terrain. Mafic magmas which are product of 
melting of more fusible constituents of the upper mantle, 
represent the ma^or thermal events of the earth's long 
history. Since these events are linked to major tectonic 
processes the mafic magmatic rocks constitute a major source 
of information about the Proterozoic tectonics, crustal 
growth and conditions of the subjacent mantle at the time of 
their formation. 
The geochemical characteristics of primary 
magmas are governed by various factors such as composition 
of their mantle sources, degree of partial melting and 
physico-chemical conditions at the time of their generation. 
During the transport and storage in high level magma 
chambers, the original composition of these magmas is 
modified through the processes of fractional 
crystallization, magma mixing and crustal contamination 
The role played by each of these processes xs reflected m 
the chemistry of the finally produced rocks. Since these 
controls vary from one tectonic setting to another, the 
mafic rocks are evolved with distinct chemical 
characteristics m specific tectonic environment.Therefore, 
the geochemical studies of mafic Proterozoic sequences can 
contribute significantly in the understanding of the nature 
of mantle sources and magma genesis, and m turn may 
provide some useful constraints on tectonic processes of 
that time. 
The Araval1i-Delhi orogen of NW Indian shield 
(Figure 1) is quite a good study area m this regard because 
it preserves one of the best developed and excellently 
exposed Proterozoic sequencesof the Indian subcontinent 
(Radhakrishna and Naqvi 1986; Naqvi and Rogers 1987). In 
this area alongvvith different types of metasedimentai y 
sequences there appear widespread occurrences of the mafic 
magmatic rocks which represent various volcanic episodes of 
Aravalli history. This belt has been extensively 
Figure 1 Simplified geological map of Aravalli Mountain 
Belt (after Sugden et al. 1990) showing distri-
bution of Proterozoic rocks. 
invest]qated by a numbpr of workers,as a result of which a 
large body of data is now available on its geological 
framework, structure, sedamentation, metamorphism and 
geochronology (Heron 1953; Chaudhary et al. 1984; Smha-Roy 
1984, 1988; Mohanty and Naha 1986; Roy 1988; Sugden et al. 
1990; Smha-Roy et a]. 1993; Tobisch et al. 1994 ). 
However, like other Proterozoic mobile belts of the world 
the origin and evolutionary history of this region has also 
been m dispute and reconstruction of sequence of geological 
events has not been convincingly established. Different 
arguments ranging from evolution through ensialic riftmg to 
lateral accretion of island arc regimes have been proposed 
(Sychanthavong and Merh 1984; Roy et al. 1988; Sinha-Roy 
1988; Sugden et al. 1990; Raza and Khan 1993; Banerjee and 
Bhattacharya 1994) However , in most of these models the 
mafic volcanic rocks have not been taken into consideration 
because enough compatible geochemical data are not generally 
available on these rocks. Therefore, the geochemical studies 
on the mafic volcanic rocks provide exciting research 
opportunities to solve the problems related to Proterozoic 
magma genesis and eruptive environments m this area. 
The Aravalli mountain belt represents one of 
the four areas of Indian shield (Naqvi et al. 1977) where 
oldest components of the craton are well preserved ( ^ v^  3.3 
h.y.^Gopalan et al . 1990). The belt fringes the northwestern 
margin of Indian shield and romprises the Banded Gneissir 
Complex (BGC) of Archaean age and two well developed 
Proterozoic sequences: the Aravalli and Delhi Supergroups in 
the order of antiquity . The BGC forms basement for the 
Proterozoic sequences. The occurrence of unequivocal 
Aravalli rocks is restricted to central part of the belt 
where they form several linear belts separated by zones of 
BGC. However, the rocks of Delhi Supergroup occur all along 
the length of Aravalli mountains where they form a narrow 
belt along the main axis in the southern part (south of 
Ajmer) and spread over much wider area in the northeastern 
part. 
In recent years the geology and tectonic 
evolution of central and southern part of Delhi fold belt 
has received much attention (Sinha-Roy 1988; Sugden et al. 
1990; Volpe and MacdougaJl 1990). However, the northern part 
of the belt has not been given due importance. This part of 
the belt is broadJy roristituted by three sedimentatlonal 
domains (figure 1) which are from east to west: the Bayana 
basin, the Alwar basin and the Khetri basin (Singh 1982). 
Each of these domains is characterised by the occurrence of 
well preserved mafic volcanic sequences. 
The present study deals with the mafic rocks 
of Bayana and Khetri basins which occur on the eastern and 
western margin of the belt respectively. In the Bayana basin 
the mafic rocks occur in the form of well developed, 
unaltered, massive, vesicular to amygda]oida1 basaltic lava 
flows which are intercalated with quartzite-conglomerate 
beds at the lower part of the sequence. In the Khetri belt 
the mafic rocks occur as amphibolitic sheets emplaced m 
metasediments of different rock types. 
The present study is first attempt to 
undertake a detailed geochemical study of these mafic rocks. 
Except major element analyses on few samples of Bayana 
volcanics (Singh 1985), no geochemical data are available on 
any mafic sequence of north Delh] fold belt. The study aims 
at generating a comprehensive geochemical data on mafic 
rocks of Bayana and Khetri basins. An attempt is made to 
utilize the data to identify their magma types, their 
genetic relationships, nature of their source regions and 
possible tectonic settings and its significance m the 
interpretation of regional tectonics. 
To achieve these objectives 37 samples of 
Bayana volcanics and 17 samples of Khetri amphibolites were 
selected for chemical analyses. The samples representing 
lava flows of Bayana basins are referred to as Bayana 
volcanics and those from khetri belt as khetri amphibolites. 
The work is presented m seven chapters: 
Chapter one contains general geological framework of 
Aravalli mountain belt as well as the studied areas along 
with the field characteristics of the mafic rocks. An 
riccount of mineralogical and petrographic characters of 
mafic rocks of north Delhi fold belt is given in chapter 
two. Chapter three deals with the geochemistry of Bayana 
volcanics and Khetri amphibolites including analytical 
methods, distribution of major, trace and rare earth 
elemetns, element variability and possible effect of 
alteration processes on various elements. Under the head of 
geochemical classification in chapter four, various methods 
are used to classify the magma type in terms of magma series 
and tectonic setting. In chapter five, the petrogenesis is 
discussed by extensive use of major, trace and rare earth 
element abundances and their relationships.In chapter six 
the geochemical data corroborated with field evidences are 
used to elucidate the tectonic evolution of Bayana and 
Khetri basins and an attempt is made to conjecture the 
tectonic history of north Delhi fold belt. A summary of the 
work and conclusions drawn are presented in the last chapter 
(Seven). 
CHAPTER ONE 
GEOLOGICAL SETTING 
General Geology of Aravalli Mountain Belt 
The AravaJli mountain belt is the principal 
physiographic feature in Rajasthan, which fringes the 
northwestern margin of the Indian shield and runs for more 
than 700 Km from Delhi in the north to Palanpur in the south 
with a variable width of 30 to 200 Km (Figure l).This belt 
comprises a number of fold belts of early and middle 
Proterozoic ages. These fold beJts evolved through the 
development of a series of basins m which several 
unconformity bounded metasedimentary and metavolcanic units 
deposited successively over an Archaean basement (3300-2500 
m.y., Roy 1990; Gopalan et al. 1990) referred to as Banded 
Gneissic Complex or BGC (Heron 1953), The BGC has 
principally served as basement for two sets of younger 
supracrustal units i.e. the early Proterozoic supracrustals 
of Aravalli Supergroup (2500-1900 m.y., Roy 1990) and middle 
Proterozoic supracrustals of Delhi Supergroup (1900-1450 
m.y., Roy 1990). 
On the basis of 1ithologica1, structural, 
metamorphic and geochronologica1 considerations the 
Precambrian rocks of Aravalli mountain belt can be divided 
into following t ectonostrat i graphiic domains. 
1. Archaean basement - Banded Gneissir Complex (BGC) 
2. Pal eoproterozoi c - IJd i pur-Jharol belt, Bhilwara belt 
Supracrusta1s 
'" . Mf sofroterozoj c - DelYn fold be ] t . 
Suprar-rustd ] s 
Archaean basement 
Banded Gneissic Complex (BGC) 
BGC IS a composite, structurally complex, 
gneissic terrain showing great lithological similarity to 
Archaean gneissic complex occurring in other parts of the 
shield (Naqvi and Rogers 1987). This complex is composed of 
a great variety and intermixture of rock types. It is a 
heterogeneous rock assemblage which includes 
biotite/hornblende gneisses, amphibolites, aluminous 
paragneisses, quartzites, marbles, calc-gneisses and 
pegmatites intruded by a number of granitic plutons. 
However, the major rock types are the granitoid gneisses of 
different compositions and amphibolites which constitute the 
bulk of the basement. 
Heron (1953) described the BGC as the 
basement on which the successively younger supracrustals 
were deposited with clear unconformities. Although some 
workers (Crookshank 1948; Naha and Halyburton 1974; Naha and 
Roy 1983) have suggested that much of the BGC formed by the 
migmat1 sat ion of Aravalli sediments. Presence of local clear 
angular unconformities between the BGC and younger 
supracrustals (Roy and Paliwal 1981; Roy et al. 1988) 
confirm the basement status of the BGC. 
r 
Gupta et a]. (]980) havf- grouped thr pre-
Aravalli rocks under Hindoli Group (metagreywackes, basic 
volcanics and semipelites), Mangalwar Complex (mostly 
gneisses) and Sandmata Complex (mostly granulite facies 
rocks), the later two complexes forming the BGC. The Sm-Nd 
isochron data suggest that the BGC contains the rocks as old 
as 3.3 b.y. (Gopalan et al. 1990). The youngest component 
of the BGC is a large body of Berach granite that is K-rich 
and has yielded a Rb-Sr (whole rock) isochron age of 2.6 
b.y. (Crawford 1970) . 
Paleoproterozoic supracrustals 
The Paleoproterozoic sequences in Aravalli 
mountain belt are widespread m the central part where they 
are well developed and exposed in Aravalli and Bhilwara 
belts. 
Ddaipur-Jharol belt 
One of the best studied belt m this region 
IS the Udaipur-Jharol belt which may be considered as the 
type area of the early Protero2oic linear basins which 
overlies the BGC.It is developed in an inverted 'V shaped 
area with a tapering end near Nathdwara. This belt is 
characterised by occurrences of Aravalli Supergroup of rocks 
which show the development of two distinct lithofacies 
associations (Roy and Paliwal 1981) i.e. a carbonate bearing 
shelf facies and a carbonate-free deep water facies.The 
n 
shflf sequence ronstatutes the Udaipur beJt which passes 
through the Udaipur city of Rajasthan. The deep water 
sequence constitutes the Jharol beJt which occurs adjacently 
to the west of Udaipur belt. The metasedimentary rocks of 
Jharol belt are considered to be deep water distal-turbidite 
facies of shallow water sediments of Udaipur belt <Roy and 
Paliwal 1981). Since the two belts display similarity in 
tectonic trends and deformation history, they are considered 
to represent two separate segments of a single early 
Proterozic sedimentary basin which developed on the Archaean 
basement of BGC (Deb and Sarkar 1990). Although the geology 
of the area is based on pioneering work of Heron (1953), the 
detailed stratigraphic evolution of the basin has been 
worked out by Gupta et al. (1980) and Roy and Paliwal 
(1981). Generally, the rocks of Udaipur -Jharol belt have 
been metamorphosed upto the grade of greenschist facies. 
However, m some areas particularly m the northern F>arl the 
grade of metamorphism has reached upto the grade of 
amphibolite facies (Sharma 1988). 
Bhilwara belt 
The Bhilwara belt is exposed as a N-S 
trending wedge shaped area between Karera in the west and 
Great Boundry Fault (GBF) in the east.It is about lOOKm 
wide m the north, tapering to about 10 Km m the south.Its 
southern end meets the eastern boundary of the Udaipur belt. 
In fact this belt rompriKfs sr-vfraJ sub-parallel Jinear 
belts separated from each other by zones of BGC gneisses. 
Some of these belts are bordered by ductile shear zones with 
a high components of strike-slip movement (Smha -Roy 1988). 
The important belts of Bhilwara terrain from east to west 
are Hindoli-Jahazpur, Pur-Banera and Dariba-Bhinder.In 
general these belts consist of metapelites, quartzite, 
dolomite, BIF (10-40m), metagreywacke and metavolcanics. A 
shallow platforirial environment of sedimentation is indicated 
by sedimentary associations and structures. The grade of 
metamorphism increases gradually from east (greenschist 
facies) to west (arophibolite facies) and also towards north. 
The Pb isotopic data on base metal deposits (Deb and Sarkar 
1990) and structural trends suggest a contemporaneity of 
Aravalli and Bhilwara belts. 
Mesoproterozoic supracrustals 
Delhi fold belt 
The Mesoproterozoic supracrustal rocks of 
Aravalli mountain belt are represented by the rocks of 
Delhi Supergroup (1900-1450 m.y., Roy 1990) which constitute 
the main edifice of this great mountain range. Tlie Delhi 
fold belt, extends all along the length of Aravalli 
mountajns covering the piarts of Gujarat, Rajasthan, Har\tin<i 
and Delhi states. It is narrow in central Rajasthan and fans 
f)ut considerably m its northern and southern parts. The 
rr>r:k.s of Delhi folJ belt rests unrr)rif orm<i})] v over BGC in 
noi'theastern portion. In southern region the rocks of Delhi 
Supergrouf) show a tectonic contact with those of AravaJJi 
Supergroup. This contact is considered to be a major 
tectonic suture representing the site of ocean basin closure 
and continental collision (Sugden and Windley 1984; Smha-
Roy 1988; Sugden et al. 1990). Heron (1953) subdivided his 
"Delhi System" into two major stratigraphic units i.e. lower 
A]war 'Series' and upper Ajabgarh 'Series'. Although this 
classification has been questioned by some workers (DasGupta 
1964, Sen 1981), it is still maintained in literature 
except in the axial section of centra] Rajasthan where 
these series are renamed as Gogunda and Kumbalgarh Groups 
respectively (Gupta et al. 1980). The Alwar Group is 
dommantly arenaceous consisting arkosic quartzite, 
conglomerate and mafic volcanics. The Ajabgarh Group is 
mainly calcareous comprising biotite schists, ca1c-schists 
and calc-gneisses with abundant inter J ayered metavolcariics 
and tectonised bodjes of mafic-u1tramafic rocks, the later 
are considered as Phulad ophiolites of central Rajasthan 
(Gupta et a ] . 1980; Smha-Roy 1988; VoJpe and MacnougalJ 
1990). In this manner the Alwar Group ai-'pears to be more 
t.errestrial in natui'e but rocks of Ajabgarh Grou{-i are more 
calcareous or pelagic. Gupta et al. (1980) are of the 
opinion that Gogunda (Alwar) and Kumbalgarh (Ajabgarh) 
1 .1 
nietasedimenlR are time t rariKqressi ve, refjectinq 
contemporaneous sedimentation a n a coupled basin comprising 
miogeosync]me and eugeosynclme respectivJey. 
Several regional longitudinal faults and 
shear zones occur all along the length of Delhi fold belt 
(Sen 1981, 1983; Sychanthavong and Merh 1984). Along some of 
these faults and shear zones there are sporadic occurrence 
of high grade granulitic bodies comprising pyroxene 
granulite, hornblende granulite, serpentinite and gabbros 
(Desai et al. 1978; Sychanthavong and Merh 1984; Fariduddin 
et al. 1991). At some places m the southern part of the 
belt the xenoJiths of grospydite are found to occur in the 
close association with serpentinite and pyroxene granulite 
(Sychanthavong and Merh 1984). 
, The rocks of Delhi belt to the north and 
south of Ajmer show a marked difference in the radiometric 
ages of mtrusivfe granites (Chaudhary et al. 1984) and model 
ages 'of sulphides (Deb abd Sarkar 1990). Till date no 
satisfactory explanation has been given for this difference. 
This may be interpreted as two tectono-thermal episodes 
within the Delhi belt or the development of Delhi rocks in 
two different basins that were widely separated in time and 
spar-e (Naqvi and Rogers 1987). In view of these contrasts 
sonie workers have suggested that the northern and southern 
parts of Delhi fold belt have been evolved m different 
1 S 
tectonir setup (f-. q. S:nha-Roy 1^H4, J 988 ) , Howevf-r, a 
continuous stratigraphy (smgh 1988), an identiraJ 
structural history (Naha et al. 1984) and a similar 
metamorphic history (Sharma 1988) of the northern and 
southern parts suggest the continuity of Delhi fold belt 
from south to north. 
Distribution of Mafic Rocks in Aravalli Mountain Belt 
The Aravalli mountain belt preserves a 
continuous record of mafic magmatism whach occurred during 
its long geological history.The oldest mafic magmatic 
activity recorded m this belt is represented by 3.3 b.y. 
old (Gopalan et al. 1990) metabasic enclaves which are 
enclosed within the BGC. The enclaves consist mainly of 
amphibolite, norite and metagabbros. The geochemical studies 
of amphibolites from various parts of the BGC between 
Udaipur m the south and Ajmer m the north reveal that roost 
of them are ortho-arophabolites and have been derived from 
tholeiitic lavas or intrusives, under amphibolite or upper 
amphibolite facies metamorphism (Pandya 1967; Chauhan 
1976; Goe] 1976; Kataria 1981; Sharma 1983; Ahmad and 
Rajamani 1988; Ahmad and Tarney 1994). 
The next phase of mafic magmatism is 
represented by Komatlitic-tholeiitic lava flows occurring at 
the base of Aravalli Supergroup m Udaipur belt. These basal 
volcanics are well exposed m two N-S trending linear belts 
orcurrinq n^ the east and wpst of Udaipur city (Khan and 
Rdza 1993; Raza and Khan 1993). On the basis of geochemical 
evidence the basal Aravalli volcanics have been considered 
as rift related komatiite-tholeiite association (Ahmad and 
Rajaimani 1991; Raza and Khan 1993). Equivalents of these 
rocks are found in basal parts of all sub belts in Bhilwara 
belt (Roy et al . 1981; Smha-Roy 1988; Deb et al . 1989). In 
Jharol belt this volcanic activity is represented by mafic 
rocks of Kaliguman lineaments m its central part (Abu-
Hamatteh 1994). 
The next younger phase of mafic magmatism in 
Aravalli mountain belt is represented by mafic volcanic 
rocks of Delhi Supergroup where they occur at two 
stratigraphic levels. The older magmatic event manifests 
itself m the form of basic flows which occur at the base of 
Alwar Group. The younger one occurs withm Ajabgarh Group. 
The volcanic rocks of Alwar Group occur as lava fhju:-. m 
Havana and Tehla areas of north Delhi fold belt in 
northeastern Rajastan (Singh 1982, 1985). 
The Ajabgarh mafic magmatism appears to be 
more intensive m nature as indicated by its reasonably widf-
occurrence alorig a linear belt approximately 450 Km long 
and upto SOKm wide extending from Khetri m the north to 
Deri-Ambaji in the south (Srivastava 1988). Some mafic rocks 
of this belt, exposed to the south of Ajmer, have been 
reffried to as 'F'hulad ofliiolite .sui1f' (Gui'td et a]. I'^ BO; 
Sirilia-Hoy 1 988 ) . 
The youngerniost. mafic volcanics in this 
region are nunor basic components associated with 740 m.y. 
old Malani rhyolite (Srivastava 1988). The Malani igneous 
suite of rocks occupies vast tracts to the west of Arava]]i 
mountain belt. 
Geology of North Delhi Fold Belt 
The northern part of the Delhi fold belt is 
broadly constituted by three sedimentatlona1 domains (Singh 
1984a, 1988). These are from east to west the Bayana basin, 
the Alwar basin and the Khetri basin. The first two basins 
taper out towards the south whereas the third one appears to 
extend into the south Delhi belt altiiough its physical 
continuity is interrupted by a vast expanse of alluvium 
around Jaipur. These domains are considered (Singh 1982) to 
have been df\"]o]ied as grabcr.s m <i giiei'-sjc basement and 
individually liny differ from each otlitr -^i gn i f icarit ! y in 
their st rat 1 g r-iph 1 c development. Thesf- vo 1 cano-sediment a rv 
infills of ru>i"th [u-lhi fold bf 11 have beei, classified into 
Alwar and Aiabqarh Groups m each basin (Deb and Sarkar 
1990). The grade of metamorphism and intensitv of 
deformation increase from east to west 
The met asedimentary rocks of north Deltii belt 
are (-tjmmonly intruded by graiiitic rotks whi(4i have yielded 
IB 
their age (Rb-Sr whole rock) in the range of 1700-1500 m.y. 
(Chaudhary et al. 1984). Some f)f these granites are 
synkinematic with the two folding phases of the Delhi rocks 
(Roy and Das 1985). The age of granitic intrusions decreases 
from about 1600 m.y. in the east (Bairat, Dadikar and 
Harsora granites) to 1400 m.y. in the west (Saladipura, 
Udaipur and Seoli granites). 
Geology of Bayana basin 
The Bayana basin forms the eastern most limit 
of north Delhi fold belt covering the parts of northeastern 
Rajasthan (between Lat. 26 .53 and 27 .02 : Long. 77 .00 
o ' 
and 71 .18 ). Although a comprehensive account of 
stratigraphy of Bayana basin has been documented by Hacket 
(1877, 1881) and Heron (1917), a detailed stratigraphic 
evolution of the basin has been worked out by Singh (1977, 
1982). A five fold stratigraphic classification has been 
l,.rt>].H>sed by pioneer workers (Hacket 1877, 1881) Heron 
(1917), who assigned each unit the status of a 'stage' 
belonging to Alwar 'Series' of Delhi 'System' .The five 
units are Nithar, Badalgarh, Bayana, Damdama and Weir. Singh 
(1977) maintained this classification and assigned the 
status of Formation to each of these units wit.h a 
modification that the first four included m Alwar Group and 
the last one correlated with Ajabgarh Group of m a m Delhi 
basin. In a later publication, Singh (1982) modified his 
19 
classification and identified the rocks of Nithar Formation 
and basal part of the Badalgarh Formation as Raaalo Group. 
Although, Heron (1917) was the first to classify the 
sedimentary sequence of Delhi belt into 'Raialo Series', 
'Alwar Series' and 'Ajabgarh Series', the status of his 
'Raialo Series' as an independent unit was questioned by 
later workers. In southern Rajasthan the conformable 
relationship between rocks of Aravalli Supergroup and that 
of 'Raialo Series' is found at many places by many workers 
(e.g. Naha and Halyburton 1974; Naha and Roy 1983) and thus 
two groups have been mapped as a continuous sequence (e.g. 
Raja Rao et al. 1977). Similarly in northern part of Delhi 
fold belt the rocks of 'Raialo Series' are generally 
considered as part of Alwar Group (Sychanthavong and Merh 
1984) . In view of these facts, the Nithar Formation, which 
constitutes the basal part of Bayana basin fill, is 
considered herein as basal part of Alwar Group. 
The Bayana basin as a whole is filled with 
about 3000m thick package of volcano-sedimentary rocks 
(Figure 2A,B). The volcanic rocks, which are subject of this 
study are confined only to its basal part.The sequence in 
Bayana basin consists of about 55 percent quartzite, 30 
percent conglomerate 1.50 percent shale and 14 percent 
volcanic products (Singh 1977). On the whole the 
conglomerate-quartzite association constitutes about 85 
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340 m Quartzite 
100 m Shale with quartzite 
•'•"^-'^' Disconformity 
240 m Sandstone 
550 m Quartzite with ripple 
marks and cross stratification 
Weir Formation 
Kushalgarh Formation 
^=S^j 
srS^ 
870 m Conglomerate poorly 
sorted, poorly bedded with 
cross stratification 
0 (Lo V 
at—- see 
880 m Conglomerate with 
beds of quartzite and 
arkose 
650 m quartzite with cross 
stratification, ripple marks 
and mud cracks 
185 m Quartzite 
~1 iro~m"~ Sa n3 it oh e" 
275 m Quartzite 
100 m Conglomerate 
'"^'^•^"^''"^  Unconformity 
1000 m Mafic flows 
with intercalated 
sedimentary beds 
200 m Conglomerate-quartzite 
-^ -^''^  Unconformity • 
Schists, phyllite, 
quartzite and mafic rocks 
Damdama 
Formation 
Bayana 
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Jogipura • 
Formation 
Jahaj-Govindpura 
Formation 
Nithar Formation 
Pre-Delhi 
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Figure 2B Columnar section showing lithological units of Bayana 
basin (Scale 1 Cm = 200 Meters), Data: Singh (1982). 
Note the occurrence of a thick conglomerate unit 
underlying the volcanics and an unconformity 
overlying the Bayana volcanics. 
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pprrent of the total thickness. The stratiqraphir 
clas&ifacation of the area IK given m table 1. 
Nithar Formation consists of basal 
conglornerte and quartzite with mterfingering thin lenses of 
conglomerate and pebbly quartzite. The basal conglomerate is 
composed of quartz and quartzite phenoclasts set in 
quartzose matrix with rare pebbles of jasper and tourmaline-
quartz rock. In general the sorting of the conglomerate is 
poor. The quartzite member of tins formation is white and 
grey, fine to coarse grained, gritty, at places pebbly, 
conglomeratic and feldspathic. It is composed of quartz and 
minor amount of K-feldspar, sericite and muscovite . The 
maximum thickness of this formation is 200m. 
Overlying the Nither Formation is a series of 
basic volcanics and associated metasedimentary mterbeds of 
Jahai-Go\indpuia volranics. Ker-Govindpura-Jaha^ area forms 
the type section for this f urniat ion where its tota] 
thickness is about 1000m. A total number of eighteen flows 
are encountered in this area, which have been classified 
into three members on the basis of pyroclastic contents 
(Baner^ee and Singh 1977). 
The conglomerate and quartzites of Jogipura 
Formation conformably rest over Jahaj-Govindpura volcanics. 
This formation comprises Sita Conglomerate and Quartzite 
members. The pebbles of conglomerate are uell rounded. 
Q.iurtzite is mediun-, grained to coarbe grained and assoriated 
with sparsely distributed pebbles, welJ developed cross beds 
and rippJe marks. 
The Badalgarh Formation conformably ovelies 
the Jogipura Formation and is composed of an mterlavered 
sequence of thinly bedded feldspathic quartzite, micaceous 
quartzite, thinly laminated shale, sandstone and thinly 
bedded quartzite. The rock type;s of this formation are 
subdivided into two members viz. Baghrain sandstone and 
Alapuri qaurtzite. 
The Havana Formation which conformably 
overlies the Badalgarh Formation has been subdivided into 
two members i.e. Mor Talab quartzite and Mahloni 
conglomerate. The former is composed of massive quartzite, 
with sparsely distributed pebbles and thin lenses of 
conglomerates. Pruininent sedimentary structures obsi^r\ ed m 
these quartzites ai'o ripple marks and current bedding. The 
bedding is not very clear m these quartzites. Mahloni 
conglomerate overlies the Mor Talab quartzite and is 
composed of conglomerate and massive quartzite. Tlie 
conglomerate with disrupted framework contains phenocrysts 
of grey, white and black quartzites. The intercalated 
quartzite is pink in colour, coarse grained and pebbly. 
The Damdama Formation vvhich constitutes the 
uppermost unit of Alwar Group conformably overlies the 
34 
BayariH Format i on . It i .s compo.sfd of conglomerate , quartzite-, 
sandstone and shale. This formation is subdivided into three 
members i.e. Umraind conglomerate, Kanawar qaurtzite and 
Lakhanpur sandstone.The Umraind conglomerate is poorly 
sorted but at places contains bands of very rounded and 
perfectly sorted pebbles. The Kanawar quartzite is coarse 
grained preserving well developed ripple marks and cross-
bedding. It consists of large sub-angular grains of quartz 
set in an arenaceous matrix, fine flakes of sericite-
muscovite and altered grains of feldspar.The Lakhanpur 
sandstone consists of thinly bedded, dark feldspathic 
sandstone, quartzitic sandstone and brown shale. 
The youngermost geological unit of Bayana 
basin, that is correleted with Ajabgarh Group of main Delhi 
basin by Singh (1982), shows disconformable relationship 
with the underlying Damdama Formation . It consists of 
car b> inacfjous shale, ph\]lite, ferruginous quartzite and 
white quartzite. This group ha? been subdivided into two 
formations i.e. Kushalgarh Formation consisting of shale 
phyllite, and minor quartzite, and Weir Formation consisting 
of ferruginous quartzite and white massive quartzite that is 
cherty at places. 
Field occurrence of mafic volcanic rocks in Bayana basin 
The mafic volcarnc rocks m Bayana basin 
occur in the form of flows, agglomerates, volcanic breccia 
and tuffs. They rover an extensixe area of about 100 Sq Km 
between Aund and Khareri attaining a maximum thickness uf 
about 1000m includincj sedimentarv mterbeds with thickness 
variation of the individual flows from 1.20m to 123m 
(Banerjee and Singh 1977). Total number of eighteen flows 
identified in this area, have been calssified into three 
groups (Banerjee and Singh 1977) i.e. lower group containing 
seven flows, the middle group with three to five members 
consisting agglomerates with spatter, volcanic breccia, 
bombs, lapilli blocks and tuffs, and upper group with 
maximum of eight flows. The distribution of volcanic 
products suggests that the volcanism occurred m three 
phases. The lower seven flows indicate comparati\e]y mild 
explosion, the middle three units represent highly explosive 
phase and the upper eight flows suggest moinl\ quite 
eruption. The maximum thickness of these volranics as we]] 
as the thickness of individual fjous is maximum around Kei . 
It shows a gradual decrease both tov%ards east and vsest. 
The volcanic flows are mostly fine to medium 
grained, dark grey to greenish black coloured massive 
basalts, containing well preserved vesicles and amygdules. 
The vesicles are generally rounded and their size varies 
from very fine to more than Smiu and sometimes upto 3cm. The 
vesicularity decreases fron\ top to bottom of individual 
flows. 
Geology of Khetri basin 
The well known Khetri copper belt is located 
at 170 Km SSW of Delhi m the northern Raiasthan, which 
extends over a strike length of about 80 Km from Singhana 
(28° 06' : 75° 04" ) in the north to Ragunathgarh (27° 39' : 
75 21' ) in the south. It is regarded to extend further 
south into the south Delhi fold belt (Sychanthavong and 
Desai 1977 ; Roy et al. 1988; Singh 1988). The general 
geology and the stratigraphy of the area have been described 
by many workers (Heron 1923, 1925; DasGupta 1964, 1968, 
1974; Roychowdhary and Das Gupta 1965 a,b; Roychowdhary et 
al. 1968; Ray 1974). The rock types found in the area are 
chiefly sedimentary metamorphites comprising various types 
of schists, phyllites interlayered with massive qaurtzites, 
metagreywackes, marbles, calc-si1icate rocks and 
amphibolites. Although the stratigraphic relationships 
between various lithounits are not very much clear, the 
sequence is divided into Alwar (dominantly arenaceous) and 
Ajabgarh (argillaceous and calcareous) groups (Table 2). 
The rocks of Alwar Group are considered to be 
found in the cores of anticlines, which are dominantly 
arenaceous and consists of a thick pile of metasediments 
comprising magnetite quartzite, feldspathic quartzite with 
or without cummingtonite and anthophy11ite quartzite. The 
Ajabgarh Group is composed of mica schist and phyllite 
contaiiiinq andalusjtt- ' stauroljtf , chlorite schist 
(garnet) and calc-si1icate rocks with calcite and 
actinoJite. The sulphide mineralization appears to be 
associated with the Ajabgarh sequence (Ray, 1992). At places 
these rocks are interlayered with amphibolite sheets which 
are the subject of present study (Figure 3). DasGupta (1968, 
1974) observed that the rocks of Alwar Group posses certain 
features which distinguish them from those of Ajabgarh 
Group. In the Alwar quartzites comprising such lithotypes as 
arkose, quartzites, orthoquartzites, protoquartzites, 
various types of ripple marks and current bedding are 
distinguishable. Such features are strikingly absent in most 
of the Ajabgarli quartzites. The pale cream coloured Alwar 
quartzites are gritty and in general more coarse grained 
than the Ajabgarh quartzites which are white or grey and 
also fine grained and massive . The Ajabgarhs sometimes, 
contain sericite or spangles of nii(':a lying flat along the 
bedding planes and quartzites locally pass into mica 
schists. The Alwars are relatively free from the schistose 
rocks except in the basal part of the quartzites where a 
schistose-phyl1ite horizon is noted. Locally the Alwar 
quartzites pass into thin lenses and bands of schists and 
phy11i tes. 
The amphibolites occur as sheets m different 
rorks and also as rafts in granites. These bodies are 
h.N'^l AJQbgarh Group 
1:': '.•.•.| A lwar Group 
[ingBGC 
[•:j£-| Pegmatites Arid Associated Rochs 
I—»^[ Older Amphlbomes 
p v v ] Granites And Gneisses 
Figure 3 Simplified geological map of Khetri Copper Belt (after 
Das Gupta 1974) illustrating the lithological succe-
ssion of the area. Inset shows the distribution of 
various Archean-Proterozoic rock suites in an outlined 
map ofAravalli Mountain Belt. 
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considered to have been emplaced as mafir silis during ear]\' 
stage of deformation (DasGupta 1968). A younger generation 
of basic dykes cut across the major structures and also 
related pegmatites and quartz veins, which are succeeded by 
younger basic dykes. 
Geochronological data (Chaudhary et al. 1984) 
suggest that the granite intruding Delhi succession, north 
of Ajmer, yield an age range of about 1700-1500 m.y. Rb/Sr 
isochron age. Most granites m Khetri Copper belt are 
emplaced during late phase of first Delhi deformation (Das 
Gupta 1968). Granite from southern part of Khetri belt i.e. 
Chhapoli Granite, Saladipura Granite and Bairat Granite have 
yielded Rb'Sr isochron age about 1600 m.y. (Choudhary et al. 
1984). This suggests an upper limit of 1600 m.y. for the 
Delhi sequence m northern part of Delhi fold belt. The 
amph:i bol ites are found as inclusions (rafts) m these 
gianite.s and thus suggest their emplacement during or lust 
after the deposition of Ajabgarh sediments. 
On the basis of mineral assemblages found in 
the rocks, it has been observed that the highest grade of 
metamorphism noted m the southern half of the belt is 
beyond the amphibolite facies v^hereas the rocks of northern 
half of the belt (present aiea) are metamorphosed upto the 
grade of upper amphibolite facies (Roychowdhary et al. 
1968). The n.meral assemblages of basic rocks ajid 
inetasedinients indicate that thf rocks were regionally 
metamorphosed upto the grade of amphibolite facies (Ray 
1974). 
Field occurrence of Khetri amphibolites 
The amphibolites m the Khetri belt occur m 
the form of sills of metamorphosed dolerites. Heron (1923) 
considered the amphibolite sheets as intrusive sills but 
acknowledged the possibility that contemporaneous lava flows 
and tuffs may also be present . However, there is no 
unequivocal evidence attesting the eruptive nature of 
amphibolite suites. The tabular bodies of amphibolites 
appear to emplace along the bedding planes (of pelites and 
quartzites) and sometimes along fault planes. In the 
northern part of the belt these amphibolites are found 
mainly in schists and phyllites of Ajabgarh Group . They 
occur as sheets of about few meters to as much as 10 Km 
length with a width of 5 to 60 meters. In quartzjtes the 
width of these amphibolites is variable from place to place 
but withm the pelites it is more or less constant. They 
also occur as discontinuous lenses. Usually the sills of 
these amphibolites have sharp and straight contact with the 
country rocks, sometimes showing central bulge. At places 
short tongues locally cut across the country rocks. At 
places the sheets of larger bodies taper off at either end. 
They are mostly co-folded with the country rocks during the 
Jater fold movements. These amphiboJite sheets dip westerly 
(parallel to bedding) in the western part, and vertically 
m the central part, whereas m the eastern part the dip is 
subvertical either to the southeast or to the northwest. 
These rocks are mostly medium to coarse 
grained and grey to greenish black in colour. They contain 
no primary features such as vesicles and amygdules, which 
may support their emplacement as lava flows. 
CHAPTER TWO 
PETROGRAPHY 
Bayana Volcanics 
The field charactei'i sties of Bayana volcanics 
and Khetri amphibolites are discussed m the previous 
chapter. Bayana volcanics have been affected by lowest grade 
of regional metamorphism (Sharma 1988). They are mostly fine 
to inedium grained and dark grey to greenish grey in colour. 
The rocks contain well preserved vesicles and amygdules and 
appear to be hard and massive in hand specimen. 
Texturally these rocks are generally 
porphyritic and posses ophitic to sub-ophitic and sometimes 
hyalo-ophitic textures. The most abundant minerals 
occurring m these rocks are pyroxene and plagioclase 
followed by opaques and glass m varying amounts. Among the 
secondary minerals araphiboles are found m many samples. In 
Bomt,^  samples recrystal 1 ized quartz and secondary calcite 
also occur m accessory phase. The vesicles are generally 
filled With quartz, calcite and aggregates of zeolites. The 
size of amygdules vary from place to place and range from a 
fraction of mm upto 3cm in diameter. Sometimes the amygdules 
are deformed and vary in shape from rounded to oval and 
sometimes elongated and flattened. In some thin sections 
particularly from Ker ared crystals of olivine and or 
serpentine appear to be found m minor amount. The samples 
of Jahaj area appear to show the presenc:e t>f K-feldspiar 
J . f'. oilhoclasi cind nucrocline winch arr- m^diuni to firif 
grained m size. The important mineraJ constituents of these 
rocks are as follovv-s : 
Pyroxene 
Augite is the dominant constituent mineral 
among the pyroxene family. However, the crystals of other 
minerals like titanaugite, aegirme-augite and aegirine are 
also present but in subordinate amounts. Augite occurs both 
m the form of phenocrysts as well as an important 
constituent of groundn\ass. Augite crystals show euhedral to 
subliedral shape with two distinct sets of cleavage at nearly 
90 angle. The crystals of augite show extinction at about 
46 angle. In some thin sections pseudomorphs of augite are 
seen which are now represented by hornblende and chlorite. 
The mineral titanaugite shows yellovv to brounjsh yellou 
c-ul(jur jr pJaiic [)olarised Jiaht whereas under cross nicols 
it shoiss yieen colour. The pyroxene crystals bear ophitac to 
sub-uphitjc j'"( Idtionshjp uith plagi(;clase laths. 
Plagioclase 
Plagioclase occurs as phenocrysts and is 
important constituent of groundmass and beais ophitic to 
sub-ofihit ic relationship with the crystals of uyroxene. Tlie 
plagnK-ldSe latlis coiiiiuon]\ sho\\ excellent p( net rat ion as 
well as polysvnt het ic t;\inning . The twin lamellae (jf 
plagioclase civstals extinct at about 17 angle, whicli 
sugqest their romposjtaon as bytownite. In fionic samples thf 
laths of plaqjociase show saussur 111 zat ion and a ] bit i zat i ori 
effects which is indicated by replacement of piaqiodase to 
epidote, clmozoisite and sericite, and m some cases 
plagioclase crystals are also seen with calcic core 
surrounded by more albitic rims. The plagioclase core is 
mostly dusty due to its alteration to sericite. 
Amphibole 
Hornblende, tremolite, actinolite, Fe-
actinolite etc. are common constituentsof amphibole family 
found in the rocks of Bayana volcanics. The crystals of 
hornblende are euhedral to subhedral in shape, green in 
colour and show pronounced pleochroism scheme (X=pale 
yellow and brown, Y=light green, Z=dark green, Z A C=27 ) 
and distinct two sets of cleavage .In some samples prismatic 
crystals of ht>i-nb]ende are seen to penetrate into each 
other. The cr\ .^ taJs of t remol ite-act mol i te minerals are 
xenoblastic to p^ jfhy robl ast ic in their forms. The lamellar 
crystals of actinoiite-tremoiite series are also not 
uncommon. The Fe-act mol ite is the dominant constituent 
among the tremolite-actinoJite series. 
Glass 
It IS another primary constituent member of 
these rocks. In certain roc-k samj.)les t.he glass has been 
transformed into palagonite, a vellow coloured 
cryi:>toci-yst a] 1 m e mineral under c-ross nicols. 
Opaques 
They occur as irrequJar massps and fine dust 
disseminated throughout tlie ror-ks. Hematite dominates m 
opaques, however, magnetite is also observed. 
Khetri Amphibolites 
These rocks show uniform textural 
relationship and mineral assemblages. Major mineral 
constituents of these rocks are amphiboles followed by 
plagioclase, quartz, chlorite, epidote, apatite and calcite 
which occur in accessory amounts. Some relatively less 
altered samples contain relicts of pyroxene. In such samples 
relicts of porphyritic and sub-ophitic textures are 
preserved which attest their magmatic origin. Various 
minerals show the following characteristics. 
Aitiph i bo 1 e 
The principal mineral constituents formma 
more than 50 percent mmeraluqical composition of these 
amphibolites belong to the arophiboje family. The\ are 
represented by act iriol ite-tremol it e series and hornblende. 
Fe-ac-tmol ite is also found m few samples. However, 
actmolite is the dom:inant constituent among the 
actinolite-tremo]ite series. Most evenly distributed 
dctmolite constituents show pleochroism froni greiMush 
yellow to greernsh blu* witli the extinction angle of 1S'^ ' 1o 
16 . Act inol ite-tremnl 1 te in most of the samples oc:cur in 
'U. 
the form of xenoblastic to porphyritic crystals elongated in 
shape. On the other hand, euhedral to subhedral greenish 
coloured crystals of hornblende are also found which show 
characteristic pleochroism scheme, (X- pale yellow and 
brown, Y-light green, Z-dark green, Z A C=27 ). In some 
samples long crystals of hornblende are seen to penetrate 
each other. 
Plagioclase 
Though plagioclase is not found in all the 
samples, the laths of plagioclase as phenocrysts are found 
in varying amount in many thin sections. The laths of 
plagioclase are twinned on carlsbad law and extinct at about 
30 to 34 angle indicating their composition as bytownite to 
labradorite. 
Pyroxene 
Among the relict pyroxene, augite, aegirine-
augite are the dominant varieties found in studjed samples. 
Few samples of these amphibolites also contain crystals of 
hypersthene. Crystals of pyroxene occur as phenocrysts and 
are euhedral to subhedral in shape and green to light green 
m colour . Brown coloured variety of augite is also found 
but in subordinate amount and bears only one set of 
cleavage. Crystals of augite and aegirine-augite posses two 
sets of cleavage. The pseudomorphs of clmopyroxenes are not 
uncommon, which are essentially occupied by amphiboJes. 
CHAPTER THREE 
GEOCHEMISTRY 
Sampling And Analytical Techniques 
During the field study a number of samples of 
the volcanic rocks of Havana basin and amphibolites of 
Khetri belt were collected both along and across the strike 
of the exposures. In Havana area the volcanics were sampled 
systematically in Ker-Jahaj section (Figure 2) where the 
sequence is best developed. The samples of amphibolites of 
Khetri belt were collected from Kolihan and Madhan-Kudhan 
areas (Figure 3). Special care was taken in the collection 
of the samples and the weathered outcrops were outraqhtly 
rejected. The samples have been collected only from most 
fresh looking outcrops. After petrographic studies, 
unaltered, fresh looking samples were finally selected for 
geochemical analyses. After separation of weathered crust 
the clean samples were crushed m a steel mortar. The 
fragm.ents containing amygdules, vesicles, veins and iron 
strains were removed. The crushed samples were powdered to 
about -2(J0 mesh size m an agate mill. 
The major and trace element analyses were 
p>erforroed at geochemical laboratories of V\adia Institute of 
Himalayan Geoloqv, Dehradun by using Energy Dispersive X-Ray 
Fluorescence (EDXRf) model EDAX EXAM Six - PhilJips PV9 lOU. 
The operating conditions for major oxides determination were 
Anode-Ag-X-Ray-12 KV path vacuum and filter nil. For trace 
plenientB Anode-Aq-X-Rav tuhf , voltaqf Wd.s 40 K\ and Aq 
filter was used to reduce the background m spectrum. For 
XRF analyses the pressed pellets of the samples were 
prepared by using 3 gms of rock powder m a collapsible 
aluminium cup with a backing of boric acid and a pressure 
of 20 tons using a hydraulic press. Whereas the fused 
pellets were made by employing the method after Norrish and 
Button (1969). The precision coefficient of variation and 
detection limits for various elements are same as given in 
Bhat and Ahmad (1990) and Rathi et al. (1991). 
All the analysed samples were standardised 
against the internationally recognised rock standards BR, 
BE-N, BHVO-1, BIR, GSR-3, JBla, MRG,W2, UBN, AC7V-I , JA2, 
GSR-2, GSP-1, Mica-Fe and Mica-Mg. To avoid any error double 
and triple runs were made taking different samples from the 
same specimen powder. The precision limits of analysed ma3or 
and trrfce elements calculated irom international reference 
rock samples are given m tables 4 and 7. 
Rare earth elements (REE) analyses for the 
representative samples were carried out by ICP-MS techniques 
at National Geogphysical Research Institute, Hyderabad 
following the procedures described m Balaram (1991a and b) 
and Balaram et al, (1992). The instrument used is ICP-MS 
(Plasma Quad) of VG, Elemental, Winsford, Chesire,UK. The 
accurac-y of these determinations and other details are given 
in Balaram (1991 a k b) an<J baJaram p-t aJ. (19^2). 
Results 
37 mafic samples from Bayana basin referred 
herein as Bayana voJcanics and 17 mafic samples from Khetri 
belt referred to as Khetri amphibolites have been analysed 
for major and trace elements. Six representative samples of 
Bayana volcanics and four representative samples of Khetri 
amphibolites have been analysed for their REE. 
The ma^or element compositions of Bayana 
volcanics and Khetri amphibolites are aiven m tables 3 and 
4. The CIPW normative compositions of Bayana volcanics have 
been calculated and given in table 5. Normative compositions 
of Khetri amphibolites are not calculated due to their 
altered mineralogy. The trace element data alona\\ith 
important ratios are presented m tables 6 and 7. REE 
abundances and important ratios of the two suites are 
presented in table 8. 
Major Element Distribution 
Among many petrochemicaJ indices, SiO^, 
Al^jO^, TIOT, FeO, MgO, CaO, ha^O, K,,0,P205 and MnO are 
commonlv referred to as maior elements because the\ 
constitute almost 99 percent of earth's crust and upper 
mantle. In igneous suites, the ma^or elements shou 
systematic variation which m turn produce igneous 
spectrum. Thus, they play an important role m 
-4 J 
J dent if J ration of maqniatio rocks and in deducing their 
general chemical cornposition . 
The geochemical behaviour of various major 
elements and their inter-element relationship serve as 
important parameters for the determination of the 
evolutionary trends of magma (Kuno 1960, 1968; Murata 1960; 
Poldervaart 1964; Miyashiro 1974, 1975), tectonic settings 
(Pearce et al. 1977; Rogers 1982; Mullen 1983), crustal 
thickness (Condie and Potts 1969; Naqvi and Hussain 1973 
a,b; Dickinson 1975; Pearce et al. 1975) and the degree of 
partial melting as well as physico-chemical conditions 
during partial melting (Hanson and Langmuir, 1978; Sun et 
al. 1979; Langmuir and Hanson 1980; Francis et al. 1983). 
The relative concentrations of the major oxides of igneous 
rocks are also used in deduction of their magma type and the 
tectonic environment, which existed at the time of their 
formation (Gil July 1971; Pearce et al. 1975, 1977; Mullen 
1983; Condie 1985, 1986; Walters and Pearce 1987;WilRon 
1989; Smith 1992; Tarnev 1992). The important aspects of 
major element chemistry of Bayana volcanics and Khetri 
amphabolites are discussed in the following paragraphs : 
Among major element oxides, silica which 
plavs an important role m the determination of various rock 
types, show large variation from 43.61 percent to 58.34 
percent (average 50.53 percent) in Bayana volcanics. In 
Khetrj amphibo]ites the SiO-, contents show a range of 
variation from 38.62 percent to 50.60 percent (average 44.73 
percent). There are some sampJes of Khetri amphibolites 
which have SiO^, concentrations less than those expected for 
normal basalts (i.e. 45 percent : Le Bas et al. 1986). The 
concentrations of S1O2 in these samples (table 4) appear to 
have been modified during the processes of alteration and 
metamorphism during post igneous period. 
Al^Oo which IS an essential structural 
constituent of many pyrogenetic minerals, widely varies from 
9.42 percent to 17.23 percent (average 12.84 percent) in 
Bavana volcanics. In general the Al^O-, concentrations are 
higher in upper flows occurring in Jahaj area than those of 
lower flows from Ker village. In the Khetri amphibolites 
also the variation m Al-,0.j contents is large, ranging 
between 5.34 percent to 14.85 percent (average 10.51 
percent). 
In Bayana volcanics, the FeO contents show 
small range of variation i.e. from 11.15 percent to 15.81 
percent (average 13.00 percent). However, m Khetri 
amphibolites the FeO contents show considerably large range 
of variation from 6.89 percent to 21.16 percent (average 
15.01 percent). 
Since alkalis exhibit different geochemical 
behaviour during different geochemical processes, the 
abundances of h and Ka are considered to be dn important 
petrogenetic indicator (Engel et al. 1974) and thus they 
have been variously used m identification of magma types of 
basaltic rocks and also m identification of the tectonic 
setting of mafic magmas (Miyashiro 1974; Sugisaki 1976; Cox 
et al. 1979; Le Bas et al. 1986). However, there is a 
general consensus that these elements are quite mobile 
during the post igneous processes (Coish 1977; Humphris and 
Thompson 1978; Ludden and Gel m a s 1982). 
In Havana volcanics the Na^O contents do not 
show very large range of variation as it varies from 1.18 
percent to 4.46 percent (average 2.48 percent), except one 
sample which has abnormally high Na20 content 7.64 percent. 
Khetri amphibolites also show the similar variation m Na^O 
contents ranging from 1.41 percent to 3.77 percent (average 
2.80 percent). 
K^O contents in some of the sample?; of Bavaria 
volcanics is very high (upto 4.71 percent). However, in most 
of the sanifiles the K^O content is ' 1 percent . The high K-/) 
samples are common m Jahai section particularly m the 
flows comprising the middle part of the volcanic sequence. 
High-K character of some of the flows from Jahaj section has 
also been identified earlier (Singh 1985). Since no igneous 
intrusion is present m Bayana basin and no biotite is 
observed in thin section studv of these samples, the hiqh-K 
character of some of the flows may be an original 
characteristic. Since high-K mafic rocks are generally found 
m rift related mafic sequence (e.g. East African Rift, 
Thompson et al. 1984; Davies and lloyd 1988) the occurrence 
of high-K mafic rocks m Bayana basin may be due to their 
occurrence m a rift related volcano-sedimentary 
sequence.The K2O concentration of Khetri amphibolites are 
low (»-»<l percent). However, few samples have very low K^O 
contents which may have been resulted due to alteration. 
MgO contents of Bayana volcanics vary from 
5.25 percent to 13.20 percent (average 8.21 percent ), only 
two samples (No. 20 and 31) contain low amounts of MgO i.e. 
2.06 percent and 3.17 percent respectively. However, the 
SIOT contents of these samples are high (58.34 percent and 
55.27 percent respectively) . In Khetri amphibolites the 
range of variation in MgO content is from 8.33 percent to 
li.l4 percent (average 10.24 percent). Glikson (1983) has 
used MgO content and MgO/A^O^ ratio to distinguish the 
high-Mg basalts and tholeiitic basalts and placed the 
boundary between these two at about 10 percent MgO or above 
8 percent MgO if MgO/Al202 ratio is ^ 0.60. According t 
this criteria, 43 percent samples of Bayana volcanics and 
all the samples of Khetri amphibolites are found to be 
high-Mg basalts while rest of the samples of Bayana 
volcanics are considered as tholeiitic basalts. The 
o 
abundance of CaO in volcanic rocks of Havana show large 
range of variation from 1.42 percent to 10.47 percent 
(average 7.02 percent) . In the Khetri amphibolites CaO 
content shows a range of variation from 8.97 percent to 
14.44 percent (average 11.76 percent). 
The minor elements viz. T1O2r ^2^5 ^"^ ^"^ 
are considered to be more resistant to the alteration 
processes and thus are of great petrogenetic importance 
(Chaves 1964; Winchester and Floyd 1976; Mullen 1983). In 
Havana volcanics the T1O2 abundances varies from 0.68 
percent to 2.31 percent (average 1.42 percent) with most of 
the samples containing T1O2 content ranging between 1 to 2 
percent.In the samples of Khetri amphibolites T1O2 
concentration ranges from 0.12 percent to 2.54 percent 
(average 0.81 percent). In some of the samples of these 
amphibolites, particularly those from Madhan-Kudhan area, 
the TiO^ concentrations are verv low (up to 0.12 percent). 
The PTC'5 content of Bayana volcanics varies 
from 0.11 percent to 0.34 percent (average 0.19 percent), 
only one sample of these volcanics have a hiqh P-,Or 
concentration i.e. 0.42 percent. In Khetri amphibolites the 
P2O5 content varies from 0.12 percent to 0.22 percent 
(average 0.19 percent). However, few samples of these 
amphibolites have very low V^O^ concentration (upto 0.02 
percent) and one sample shows a higher V^O^ concentration 
5^ 
(0.40 percent). The low TiO^ (mostly 0.12 to 1.50 percent) 
and ^2^5 ^ "^  ^  • ^  percent) contents of these amphibol ites are 
similar to many Proterozoic low-Ti tholeiites found in many 
Proterozoic mobile belts of the world (Pharaoh and Pearce 
1984; Condie 1986; Pharaoh and Brewer 1990; Halden 1991) and 
Indian subcontinent (Raza et al. 1993). 
Trace Element Distribution 
The trace elements have several distinct 
advantages over major elements. In petrogenetic studies 
these elements act as powerful tools for tracing and 
modelling the igneous fractionation processes. The trace 
elements are partitioned more strongly than major elements 
into either crystalline or liquid phase thus making them 
more sensitiv^e indicator of both degree and mechanism of 
differentiation. The abundance of trace element m basaltic 
rocks depends on several parameters such as its initial 
abundance m mantle source, the degrer-- and extent of partial 
melting of that source, the nature of residual mineralogy 
and extent of equilibrium between residual minerals and its 
liquid, the P-T conditions at the site of melting and the 
extent of fractional crystallization in the melt during 
magma ascent (Nesbitt and Sun 1976). The trace element 
abudances of Bayana volcanics and Khetri amphibolites are 
discussed as follows: 
Ferroinagnesxan elements 
Ni, Cr, Co, V and Sc have been referred to 
as ferromagnesian trace elements or transitional elements. 
The crystal-liquid data indicate that these elements are 
.preferentially partitioned into ferromagnesian minerals 
during partial melting and fractional crystallization 
processes. Thus the abundances of these elements are very 
useful indicator of petrogenetic processes particularly 
which operate m magma chambers or conduits. 
Among the ferromagnesian elements Ni is 
considered to be a sensitive element to crystallization m 
the early stage of magmatic differentiation. In basaltic 
rocks the general behaviour of Ni is such that the element 
alongwith Cr preferentially enters into the octahedral 
coordination sites because of lagand field effect (Burns 
and Fyfe 1964). The concentration of Ni m basaltic rocks is 
generally controlled by ferromagnesian minerals like olivine 
and partly by pyroxene. When olivine and pyroxene of same 
rocks are compared, it is observed that the olivine are more 
enriched m Ni than pyroxenes. 
In Bayana volcanics the Ni concentrations 
are low and range from 21 ppm to 187 ppm (average 88 ppm). 
In Khetri amphibolites the concentrations of Ni are much 
lower than those in Bayana volcanics (4 ppm to 71 ppm, 
average 27 ppm), only one sample (No 86) displays a higher 
value (234 ppm). 
Cr IS another sensitive element which is 
considered to be useful indicator of petrogenetic processes 
m basaltic rocks, because Cr has a tendency to enter 
preferentially into the early formed pyroxenes. Due to 
valency difficulties, it prefers pyroxene and enters olivine 
only m limited amount (MacDougall and Lovering 1963; 
Turekian 1963; Burns and Fyfe 1964; Prinz 1967). 
Cr ranges from 67 ppm to 397 ppm (average 249 
ppm) m the rocks of Bayana volcanics. However, Khetri 
amphibolites are generally depeleted in Cr showing range of 
variation from 24 ppm to 192 ppm (average 80 ppm). 
The Co content shows range of variation from 
23 ppm to 58 ppm (average 47 ppm) m Bayana volcanics. 
Whereas m the samples of Khetri amphibolites it varies from 
7 ppm to 97 ppm (average 36 ppm). It has been suggested that 
Co, like Ni and Cr also occupies the octahedral coordination 
sites (Burns and Fyfe 1964) in basic magma and also that it 
enters the same mineral as Ni but comparatively in less 
amount (Turekian and Carr 1963; Burns and Fyfe 1964). 
The concentration of V m the samples of 
Bayana volcanics ranges from 230 ppm to 284 ppm (average 252 
ppm ) except m sample No. 20 where it is 68 ppm. In Khetri 
amphibolites V concentrations are low showing a range of 
variation from 23 ppm to 136 ppm (average 58 ppm). The lower 
V content m low-Ti samples of Khetri amphibolites suggests 
that Ti and V behaved quite similarly during most of magma 
differentiation history. 
Large ion lithophile elements (LILE) 
Rb, Sr, Ba, K and Th are included m the 
category of LILE. The concentrations as well as mter-
element relationships of these elements are of great 
significance in petrogenetic processes (Lessing et al. 1963; 
Oxburgh 1964; Heir and Compston 1966; Brooks 1968; Drake and 
Weill 1975). However m basaltic rocks of older ages these 
elements except Th do not show their original contents as 
they are normally mobile during metamorphism and alteration 
and may provide some uncertainity or ambiguity. Thus they 
are not generally used for petrogenetic and tectonic 
interpretations. However, the mean values of large number of 
samples from an individual succession of given age can be 
used because m such cases the losses and aains of these 
elements are averaged out. Since a small number of samples 
of Khetri amphibolites are analysed for LILE, the 
concentrations of these elements are not discussed herein. 
The concentrations of Rb, Sr and Ba m Bayana volcanics show 
ranges of variation i.e. Rb:4 to 159 ppm (average 49 ppm) 
Sr: 63 to 323 ppm (average 185 ppm) Ba: 83 to 1106 ppm 
(average 374 ppm ). 
Th which remains immobile during post igneous 
processes, (Pharaoh et al. 1987) is generally low m Bayana 
volcanics ( /-s^  2 ppm). However, the abundances are 
significantly high m high-K samples and goes upto a maximum 
of 16.00 ppm at 4.32 percent K2O (sample 18). An increasing 
trend of K^O with increasing Th concentrations suggests 
original K abundances. Despite depleted in K2O, the Th 
contents m Khetri amphibolites are relatively high (>3 ppm) 
except sample 98 which conatms Th = 1.60 ppm . Low contents 
of K^O in Khetri amphibolites are probably a consequence of 
their mobilization through post magmatic processes. 
High field strength elements (HFSE) 
The elements having small ionic radii and low 
radius/charge ratios are classified as high field strength 
elements (HFSE). Zr, Y, Nb, Hf and Ta are the trace elements 
which have been grouped in this category. Other than these 
elements the minor elements Ti and P are also grouped with 
them. In bdSdltic melts these elements tend to be strongly 
incompatible, having very small bulk partition coefficient, 
are considered immobile during low temperature alteration 
(Pearce and Norry 1979; Saunders et al. 1980; Shervais 
1982). The concentrations, particularly their mter-element 
ratios remain unaffected by the process of fractionation of 
olivine, clmopyroxene and plagioclase (Cox et al. 1979). 
This property together with their systematic variation in 
fresh lavas, has made them sensitive indicators of their 
source region (Erlank and Kable 1976; Pearce and Norry 1979; 
Sun et al. 1979; Pearce 1982). In the study of basaltic 
rocks, these elements have several advantages over other 
elements due to their distinct geochemical behaviour. First 
and most important characteristic is that they are generally 
immobile during weathering, hydrothermal alteration and 
metamorphism (Pearce and Cann 1973; Winchester and Floyd 
1976; Pearce and Norry 1979 ;Pearce 1982). Secondly, m the 
crust these elements are held m refractory minerals such as 
zircon, sphene and epidote, due to which small degree of 
crustal melting is unable to partition these elements 
strongly into the melt (Watson and Copobiano 1981; Watson 
and Hanson 1984). Due to this property even selective 
assimilation of crustal material into basic magmas does not 
affect their primary abundances. 
Zr contents of Bayana volcanics vary from 50 
ppm to 182 ppm with an a\eragp of 99 ppm. In comparison to 
Bayana volcanics the Khetri amphibolites are depleted m Zr 
as indicated m table 10 where Zr varies between 11 ppm to 
85 ppm with an average of 52 ppm. 
The Y content shows range of variation from 
17 ppm to 34 ppm (average 23 ppm) m Bayana volcanics and 
from 7 ppm to 29 ppm (average 17 ppm) in Khetri 
amphibolites. Despite similar ranges of variation in both 
rock suites the Bayana volcanics are more enriched (average 
23 ppm) as compared to Khetri amphibolites (average 17 ppm). 
Nb content m Bayana volcanics ranges from 6 
ppm to 19 ppm (average 9.60 ppm). However, two samples (No 
2 and 16 ) have low Nb contents i.e. 4 ppm and 3 ppm 
respectively. In the amphibolites of Khetri belt Nb values 
are relatively low, except sample 86 (Nb = 13 ppm ) other 
samples have Nb contents less than 9 ppm. 
The Nb/Y ratio, which serves as an indicator 
of alkalinity, is low ( < 1) both m Bayana volcanics and 
Khetri amphibolites, indicating a sub-alkalme nature of 
both suites (Pearce and Gale 1977). Average Zr/Nb ratio of 
Bayana volcanics (12.93) and Khetri amphibolites (8.84) are 
much lower than that of primordial mantle (Zr/Nb=18) 
indicating an enriched nature of their sources. 
Rare Earth Elements (REE) 
The rare earth elements (REE) form a group of 
fifteen elements from Lanthanum (La) to Lutetium (Lu) with 
atomic numbers ranging from 57 (La) to 71 (Lu). Despite 
similarity in their chemical behaviour, they can be 
partially fractionated, one from another, by several 
magmatic processes. All the REE except for Eu and Ce, are 
trivalent under most geological conditions. Eu is both 
trivaient and divalent whereas Ce is tetravalent. There is 
small but steady decrease m the ionic radii for the 
trivalent REE in octahedral coordination from La to Lu. 
Thus, a given REE has geochemical characteristics very 
similar to those of its nearest atomic neighbour but differs 
systematically from those of the REE with greater or smaller 
atomic numbers (Hanson 1980). These are the characteristics 
which make the REE an important tool in igneous 
petrogenesis. The measured degree of REE fractionation m a 
rock can be a pointer to its ge.>nesis. The REE abundances 
normalized against chondritic values prove to be a widely 
useful way to examine relationship between and withm the 
suites of igneous rocks, particularly m terms of partial 
melting and fractional crystallization modelling. REE data 
on Bayana volcanics as well as on Khetri amphibolites are 
not presently available m literature. 
In the present study six representative 
samples of Bayana volcanics and four samples of Khetri 
amphibolites have been analysed for REE and data is 
presented m table 8 and their chondiite normalised patterns 
are shown in figure 4 A and B respectively. In Bayana 
volcanics the samples show REE enrichment from about 40 - 70 
X chondrite for LREE and about 6 -11 x chondrite for HREE. 
Sample 20, which represents the high-K sample is more 
enriched in LREE (about 177x chondrite) but its HREE are 
similar to those of other samples (about 12x chondrite). In 
general the LREE enrichment m Bayana volcanics is moderate 
to strong with (Ce'^ Yb)n ratio ranging between 4.04 to 5.15. 
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Figure 4 Chondrite normalized REE patterns for represen-
tative samples of Bayana volcanics (A) and Khetri 
amphibolites (B) illustrating their REE enriched 
nature. Normalizing values are after Palme et al. 
(1981). 
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However, the (Ce/Yb)n ratio of high-K sample (No. 20) is 
very high (9.71) showing its highly LREE enriched nature. In 
general the REE patterns of Bayana volcanics are gentle , 
moderately enriched without having any significant Eu 
anomaly, implying lack of plagioclase fractionation. On the 
other hand the REE profile of high- K sample is steep, 
strongly LREE enriched with almost flat HREE and without any 
Eu anomaly. The (La/Yb) ratio, which can not be 
considerably increased by fractional crystallization (Cf. 
Bender et al. 1984; Albarede and Tamagnan 1988), is also 
high m this sample and shows more than 2 fold increase when 
compared to other samples. 
REE patterns of all the samples of Khetri 
amphibolites are similar m shape to each other except the 
nature of Eu anomalies . They show strong REE enrichment 
from about 58-132 X chondrite for LREE and about 3-7 X 
chondrite for HREE. (La/Lu) ratio varies from 14.85 to 
38.14. Although REE patterns of the samples from each area 
I.e. Madhan-Kudhan and Kolihan are parallel to each other, 
the samples of one area have crossing relationship with 
those of other. While the samples of Madhan-Kudhan area 
display strong positive Eu anomalies, the samples from 
Kolihan area have negative Eu anomaly (sample No. 86) or no 
Eu anomaly at all (sample No. 87). 
Effect of Alteration 
Most of the Precambrian volcanic rocks have 
suffered alteration, sometimes upto such an extent that 
their original compositions are completely obscured. The 
most common types of alteration observed from the study of 
older volcanics from different Precambrian areas are 
albitization, epidotization, silicification, carbonation and 
chloritization and the mineral assemblages produced by such 
types of alteration are similar to low grade metamorphic 
assemblages (Jolly and Smith 1972; Condie et al. 1977; 
Strong et al. 1979). In some instances the alteration occurs 
purely m response to progressive low grade regional 
metamorphism, while in other cases secondary minerals such 
as carbonate, quartz and sericite may replace low grade 
assemblages and cross cut foliation indicating post 
metamorphic alteration (Condie et al. 1977; Condie 1982b). 
In Qf-ochemiCdl studies of older volcanic 
rocks it is necessary to verify whether the rock bears 
magmatic composition or the composition has been modified 
during post igneous period, and if so, then upto what 
extent. It is a common observation that the distribution of 
major and trace elements can be modified during or after the 
magmatic activity through the processes of alteration 
(Christem et al. 1973; Hart et al. 1974; Scott and Ha^ash 
1976; Winchester and Floyd 1976; Ludden and Thompson 1978). 
However, there are considerable informations regarding the 
alteration of basic igneous rocks of various ages (Pearce 
and Cann 1973; Coish 1977; Ozima et al. 1977; Winchester and 
Floyd 1977; Humphris and Thompson 1978; Raza 1985) 
particularly on the rocks of Precambrian volcanic sequences 
(Jolly and Smith 1972). It is important to investigate 
whether the concentration of any particular element or group 
of elements have been modified during alteration and / or 
metamorphism, so that they can be excluded from the 
petrogenetic evaluation. Petrographic studies generally give 
primary clues regarding the effect of alteration. Presence 
of minerals like chlorite, tremolite, talc etc. indicate 
alteration and / or metamorphism. 
Various methods are currently used to 
overcome the problem of alteration. In present study we have 
tried to select a series of samples containing magmatic 
textures and original minerals. Such samples are commonly 
found m Bayana volcanics, because they are unaltered, hard, 
massive and vesicular with intact igneous minerals and 
undisturbed textural features. Their magmatic features are 
well preserved because they are almost unmetamorphosed or 
metamorphosed only upto lowest grade of greenschist facies 
metamorphism (Sharma 1988). No intrusions are present in the 
area which could alter these rocks and they have not been 
affected by any prominent deformation leaving them virtually 
undeformed. In this manner the fresh and unaltered samples 
are easily available. 
On the other hand>the amphibolites of Khetri 
belt are generally metamorphosed and their host sequence is 
intruded by a number of granite bodies. Although presence of 
relict magmatic textures and minerals at places and their 
chemical characteristics attest their igneous origin, the 
bulk mineralogy of Khetri amphibolites is dominated by 
secondary minerals. The occurrence of secondary minerals 
such as amphibole, quartz, epidote, chlorite and calcite 
suggests that phenocrysts probably of plagioclase, 
clmopyroxene and augite have been extensively altered 
during post igneous processes. 
In view of the above discussion it is 
expected that, under type of alteration that the Bayana 
volcanics have undergone, the concentration of even ma^or 
elements are not qrossl\ distributed. However, m case of 
Khetri amphibolites the ma^or elements particularly K,Na,Ca 
and probably Si can not be considered reliable (e.g. Beswick 
and Soucie 1978; Davies et al. 1979) and therefore, can not 
be used for petrogenetic interpretations. In such a 
situation the reliance can be placed only on trace elements 
and REE which are considered immobile or less moboile in 
various studies made on ancient volcanic suites (Pearce 
1970; Pearce and Cann 1973; Wood et al. 1979; Pearce 1982; 
Meschede 1986). Although some major elements will be used to 
identify the magma type of Khetri amphibolites, the result 
obtained would be confirmed by using immobile trace element 
before reaching any meaningful conclusion. As a 
precautionary measure, m case of Bayana volcanics also, the 
immobile elements would be used to verify the results 
obtained from major element composition. 
To test the degree to which post igneous 
processes may have affected the whole rock geochemistry, 
particularly of the Khetri amphibolites, the data is plotted 
on a MgO/10- CaO/Al^Oo - SIOT/IOO triangular diagram devised 
by Davis et al. (1978) and used by Schweitzer and Kroner 
(1985). Most of the samples of Khetri amphibolites fall 
within the "not altered" field and satisfy Davis' criteria 
for mineral metasomatic alteration (Figure 5) . The plot of 
some of the Bayana volcanics outside the "not altered" field 
towards MgO apex may be due ot their comparatively high 
Al,)Oo and ' or MgO contents. Since these samples are 
mmeralogically and texturally unaltered, they can not be 
considered as chemically altered. 
It IS generally believed that Ti, like HFSE 
is immobile during the alteration processes including lov\ 
grade metamorphism (Pearce and Cann 1973; Pearce et al. 
1975; Winchester and Floyd 1976, 1977; Mullen 1983). To 
assess the validity of MgO and CaO data for Bayana volcanics 
- Q 
CaO/Al203 
MgO/10 SIO2/IOO 
Figure 5 CaO/Al„O2-MgO/10-SiO2/100 ternary diagram (after 
Davis et al. 1978) for Bayana volcanics and Khetri 
amphibolites. Most of the samples of both rock 
suites plot inside or close to the field of 
unaltered rocks, indicating little effect of post 
igneous processes on the bulk-chemistry. 
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their MgO/TiO^ and CaO/TiO-, ratios are plotted m figure 6. 
Despite a scatter , a sympathetic relationship is observed, 
that does not favour any significant effect of alteration 
processes on these elements. 
The REE patterns of both the Bayana volcanics 
and Khetri amphibolites are regular and similar for all the 
samples m each suite. Despite mineralogically altered 
nature of Khetri amphibolites, together with the fact that 
samples are from two different areas, the REE patterns of 
all the samples are almost parallel except the nature of Eu 
anomalies. Although Eu anomalies m basaltic rocks have been 
attributed to plagioclase fractionation (Sun et al. 1974; 
Sun and Nebitt, 1978), they could also be produced by 
effect of alteration (Sun and Nesbitt 1978). Considering the 
secondary mineralogy of Khetri amphibolites it appears 
likely that the observed variation in Eu anomalies of Khetri 
amphibolites may be due to alteration effects. Furthermore, 
the ratios of supposedly mobile REE such as La, Ce and Nd 
(Condie et al. 1977; Sun and Nesbitt 1978; HeUman et al. 
1979; Turner 1980) show narrow range of variation e.g. 
(La'Ce) =1.34 to 1.88, (La/Nd) =1.94 to 3.64, (Ce/Nd) =1.45 
n n n 
to 2.18. In general the parallel and generally similar REE 
patterns of Khetri amphibolites suggest that concentration 
of their rare earth elements except Eu, are primary and can 
be used for the evaluation of petrogenetic processes. 
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Element Variability 
The crystal-liquid fractionation processes 
related to either partial melting or fractional 
crystallization have a capability to produce compositional 
variation m an igneous suite. There are numerous variation 
diagrams and chemical parameters which account chemical 
differences and trends shown by a related suite of lavas in 
which the compositional variation is a consequence of 
crystal-liquid fractionation processes. Some diagrams have 
been proved very useful m derivation of models to explain 
the petrogenesis of a particular igneous assemblage. In the 
present section the geochemical data of Bayana volcanics and 
Khetri amphibolites are discussed to assess the chemical 
variations in these suites. These variations may be proved 
useful to find out the original and evolutionary history of 
these rock suites. 
One of the most commonly used variation 
diagram m igneous petrogenesis is the Marker's diagtam, m 
uhich the weight percent of the constituent oxides are 
plotted against the weight percent of SiO^ (Harker 1909). 
SiO-, IS generally choosen on abscissa as an index of 
differentiation. Coherent trends on Marker's diagram are 
generally interpreted as to represent the course of 
geochemical evolution of magma and are referred to as liquid 
lines of descent . When the concentration of various element 
oxides of Bayana volcanics and mafic amphibolites of Khetri 
belt are plotted against their S1O2 contents (Figures 7 A 
and B respectively) , no meaningful correlation of any oxide 
with S1O2 observed except MgO which shows progressive 
depletion with respect to Si02- Because both S1O2 and MgO 
are considered as good indicators of igneous fractionation, 
their negative correlation suggests that the fractional 
crystallization has played an important role during the 
evolution of these rocks. Moreover, the negative correlation 
between S1O2 and MgO also indicates the fractionation of 
olivine. In Bayana volcanics the inconsistent relatioships 
of other oxides with S1O2 may be attributed to non 
differentiation related relationship between various flows 
which might have undergone independent differentiation. 
However, m case of Khetri amphibolites it may also be due 
to their altered mineralogy. 
To determine the variation in the chemical 
composition in terms of differentiation from primitive to 
more evolved composition, Mg numbers (100 Mg/Mg+0.85 Fe , 
all in cation percent, Sevigny 1988) have been used . The Mg 
numbers in the Bayana volcanics and Khetri amphibolites show 
large variation in their values. In the Bayana volcanics the 
Mg number shows a range of variation from 49 to 71 (average 
56) except m samples 20 and 31 which show values of 25 and 
37 respectively. Whereas in the Khetri amphibolites Mg 
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numbers vary from 50 to 76 (average 60). It is generally 
believed that Mg numbers are insensitive to the degree of 
partial melting but are highly sensitive to the amount of 
subsequent fractional crystallization, particularly of 
olivine. The very low to very high Mg numbers shown by both 
of these basic rocks indicate their near primitive to highly 
evolved nature. 
AI2O0/T1O2 and CaO/Ti02 ratios of basaltic 
rocks have been variously interpreted (Sun and Nesbitt 1978; 
Nesbitt et al. 1979; Sun et al. 1979; Hickey and Frey 1982; 
Ra^amani et al. 1985; Ahmad and Bhat 1987). Sun et al. 
(1979) argued that AI2O3/T1O2 and CaO/Ti02 ratios m MORB 
vary with degree of partial melting and the nature of the 
source region because CaO and Al20^ behave compatibly and 
T1O2 incompatibly during initial phase of melting. With 
increasing degrees of partial melting the CaO and Al20o 
bearing phases are exhausted, with further increase m 
partial melting CaO and Al20n also behave incompatibly. In 
this manner the CaO/Ti02 and Al20^/Ti02 ratios will continue 
to increase till they reach the source ratio. Further 
melting will not change these ratios but the abundances of 
AI2O2 and CaO will be diluted. AI2O0/T1O2 and Ca0/Ti02 
ratios of Bayana volcanics and Khetri amphibolites are 
plotted against their T1O2 contents in figures 8 A and B 
respectively. In these diagrams the samples of Bayana 
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volcanics plot through almost the whole field of MORE and 
beyond towards higher T1O2 contents. CaO/Ti02 ratios plot 
slightly below the field of MORE. Moreover, both AI2O2/T1O2 
and CaO/Ti02 ratios of Havana volcanics are lower than 
chondritic ratios (20 and 17 respectively). The trends 
displayed by Bayana volcanics may be interpreted m 
different ways (Ahmad and Bhat 1987) such as (1) These 
rocks have been derived from the melts generated through 
varying degree of partial melting with samples containing 
high T1O2 are products of low degree of partial melting. (2) 
The magma evolved through fractional crystallization of 
olivine (+ orthopyroxene), clinopyroxene and plagioclase.(3) 
The rocks have been derived from a heterogeneous source. The 
relative importance of these processes during the evolution 
of Bayana volcanics would be discussed under the heading of 
petrogenesis (chapter Five). 
In Al^02/Ti02 versus TIOT and CaO/Ti02 versus 
T1O-) variation diagrams, the Khetri amphibolites display a 
much larger variation relative to MORE field of Sun et al. 
(1979), with many samples having the highest A1TOT/TI02 
(upto 82) and CaO/Ti02 (upto 108) ratios. The high 
Al20^/Ti02 and CaO/Ti02 ratios of these rocks may be either 
due to their derivation from a more refractory source or 
fractionation of Ti bearing phase during their evolution. 
In CaO/Al^O-, versus MgO diagram (figure 9) 
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the positive relationship is displayed by Bayana volcanics 
as well as Khetri amphibolites. However, the samples of 
Khetri amphibolites from Kolihan and Madhan-Kudhan areas 
plot along two different trends. A decrease m CaO/Al20o 
with decreasing contents of MgO suggests the dominance of 
clmopyroxene fractionation (Zhao 1994). 
Several workers have made successful attempts 
to correlate the trace element abundances with source 
characteristics and fractionation processes ( Allegre et al. 
1977; Hanson 1980; Carr and Fardy 1984). The compatible 
elements Ni, Cr and Co of Bayana volcanics and Khetri 
amphibolites are plotted against MgO m figure 10. Despite a 
scatter a positive relationship between MgO and Cr and MgO 
and Co is observed in the plots of Bayana volcanics. The 
samples of Khetri amphibolites are subjected to scatter m 
all these diagrams and those of Bayana volcanics m MgO - Ni 
diagram. 
Ti/V ratio m basaltic melts is considered to 
be a function of oxygen fugacity, the degree of partial 
melting and fractional crystallization and therefore is 
considered to be a diagnostic feature for tectonic setting 
(Shervais 1982). Ti and V contents of Bayana volcanics and 
Khetri amphibolites are plotted m figure 11, m which both 
of these suites display a positive relationship. However, 
they plot to the right of chondrite line suggesting that V 
11 
100 
Figure 10 MgO-Cr, MgO-Ni and MgO-Co variation 
diagrams for Bayana volcanics and Khetri 
amphibolites. 
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has been depleted relative to Ti. The depletion of V 
relative to Ti with respect to chondrite abundances may be 
an inherited non-chondritic feature in the upper mantle. 
In Zr versus Y, Nb and Ce diagrams (Figure 
12) both Bayana volcanics and Khetri amphibolites show 
enrichment of Zr relative to Y, enrichment of Nb relative to 
Zr and enrichment of Ce relative to Zr, suggesting the 
derivation of these rocks from an enriched source. In Zr 
versus T1O2 diagram (Figure 12) the Bayana volcanics show a 
positive trend and most of the samples falling below the 
chondritic line. However, the samples of Khetri amphibolites 
plot well below the chondritic line and roughly follow the 
Calc-alkaline trend. A positive relationship between Zr and 
Zr/Y (Figure 12) is also displayed by Bayana volcanics. On 
the other hand, the Khetri amphibolites do not show any 
particular trend in this diagram. In Zr versus P^Or diagram 
(Figure 12) both Bayana volcanics and Khetri amphibolites 
are subjected to scatter. 
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al. (1987). Primordial mantle ratios are after Sun and 
McDonough (1989). 
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CHAPTER FOUR 
GEOCHEMICAL CLASSIFICATION 
General Statement 
The magma types of basaltic rocks can be 
identified in two ways. They are either considered to belong 
to a specific rock association, or they are regarded as 
having evolved in a specific tectonic and / or thermal 
regime (Middlemost 1985). These different methods of 
classification do not always complement one another. In the 
present chapter the geochemical characteristics of Bayana 
volcanics and Khetri amphibolites are evaluated to identify 
their magma type{s) in terms of their association with 
particular rock series and also tectonic settings. Major, 
trace and rare earth element contents and their ratios have 
been used to achieve the above objective. 
Magma Series Classification 
The volcanic rocks may be subdivided in 
members of two major magma series i.e. alkalic and sub-
alkalic. Such a division was first proposed by Iddings 
(1892) and elaborated upon by Barker (1909), MacDonald and 
Katasura (1964), MacDonald (1968), Irvin and Baragar (1971) 
and Miyashiro (1978). Each of these magma series contains 
rocks ranging from basic to acid in composition. The rocks 
of alkalic magma series may be subdivided in sodic, potassic 
and high K-tvpes. The alkalic basalts and their 
/ 4tiif ferentiates >-K»e commonly found in intra-plate tectonic 
L' Arc.; \5 
// 
<t \ 
' '^^-''Hn L nitC / / 
settings such as oceanic islands and intercontinental plate 
rifts. The sub-alkalic magma series can be subdivided into a 
high alumina or calc-alkali series and low-K tholeiitic 
series. Calc-alkali basalts may be further sub««divided into 
low , medium and high K-types. The calc-alkalme rocks are 
restricted m their occurrence to subduction related 
tectonic settings such as island arcs and continental 
margins. 
The sub-alkalic basalts are the most common 
types of volcanic rocks found within both the continental 
and oceanic settings. Low-K sub-alkalic basalts, or 
tholeiitic basalts are the dominant magma types produced at 
mid-oceanic ridges and withm many continental flood basalt 
associations. Normally these basalts are strongly depleted 
m K-related elements. 
Major element evidence 
To classify the magma types of basic rocks 
the most commonly used method has been the alkali {Na20+K20) 
versus S1O2 diagram (MacDonald and Katasura 1964; Kuno 1968; 
Irvine and Baragar 1971). Many workers modified this diagram 
and used it as an initial classification of the abundant 
types of basic rocks (Cox et al.l979; Middlemost 1980; Le 
Maitre 1984; Le Bas et al. 1986; Middlemost 1994). In order 
to classify the magma type(s) of Bayana volcanics and Khetri 
amphibolites their anhydrous alkali (Na^O+K^O) contents are 
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plotted against their SiO^ contents m figure 13 along with 
the boundaries suggested by Le Maitre (1984) and Le Bas et 
al. (1986). Majority of the samples from Bayana volcanics 
plot in the fields of basalt and basaltic andesites. Only 
the high - K samples comprising middle flows of the volcanic 
sequence of Bayana basin plot above the basalt field. On the 
other hand, the samples of Khetri amphibolites show basaltic 
affinity with some samples lying m the field of picrobasalt 
due to their low silica contents. These samples of Khetri 
amphibolites appear to be less fractionated as they have 
high MgO contents (Table 4) or their silica contents have 
been modified during post igneous alterations. 
The usefulness of normative compositions, in 
classification of basaltic rocks has been discussed by 
Irvine and Baragar (1971) . In normative plagioclase versus 
normative colour index diagram (Figure 14B), almost all the 
samples of Bayana volcanics plot m the field of basalt, 
except four samples which show a tholeiite-andesite 
affinity. A tholeiitic affinity of these rocks is also 
indicated m normative plagioclase versus AI2O-1 diagram 
(Figure 14A) of Irvine and Baragar (1971). 
To distinguish the tholeiite and calc-
alkalme magma series Miyashiro (1975) devised a series of 
diagrams m which S1O2A FeO and T1O2 contents of the rocks 
are plotted against their FeO /MgO ratios which he 
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Figure 13 Total a l k a l i - s i l i c a diagram for Bayana volcanics 
and Khetri amphibolites, Classi f icat ion boundaries 
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(1986). 
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considered as an index of differentiation. The data in this 
study are plotted in FeO /MgO versus TiO^r SiO^ and FeO 
variation diagrams (Figure 15) m a manner suggested by 
Miyashiro (1975). It is evident from the diagrams that 
almost all the samples of Bayana volcanics and Khetri 
amphibolites have FeO /MgO ratio less than 3, which is 
considered as a measure of their low degree of 
differentiation . In Si02-FeO /MgO diagram (Figure 15) 
almost all the samples of Bayana volcanics and Khetri 
amphibolites plot m the field of tholeiite. In FeO /MgO 
versus FeO diagram (Figure 15) the samples of both the 
suites fall m the field of tholeiite. However, the data 
plots in FeO /MgO versus T1O2 diagram (Figure 15) suggest 
the abyssal tholeiitic nature of Bayana volcanics and a 
transitional nature of Khetri amphibolites. 
The AFM (A=Na20+K20,F=FeO^, M=MgO) diagram 
has been widely used to identify the magma types of basaltic 
rock. In this diagram tholeiitic suites show a strong trend 
of iron enrichment m the early stage of differentiation, 
whereas the calc-al)<aline rocks indicate a suppression of 
iron enrichment due to crystallization of Fe-Ti oxides. In 
this diagram (Figure 16), almost all the plots of Bayana 
volcanics and Khetri amphibolites show an iron enrichment 
trend and fall m the tholeiite field except some samples 
which plot below the demarcation line but very close to it. 
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affinity. FeO^/mgO versus TiO^ plot indicates a 
possible transitional nature of Khetri amphibolites. 
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Figure 16 AFM(A=Na20+K20,F=FeO^,M=MgO) ternary diagram of Bayana 
volcanics and Khetri amphibolites showing a generally 
tholeiitic affinity of these rocks. Displacement of 
some samples of Bayana volcanics into the calc-alkaline 
field is due to their high-K nature. Demarcation line 
is after Irvine and Baragar (1971). 
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In the recent years Jensen's ternary diagram 
(Jensen 1976) has been widely used to identify chemically 
the komatiite, tholeiite and calc-alkalme rocks using 
concentrations of Al, Fe, Ti and Mg m cation percent. The 
data of Bayana volcanics and Khetri amphibolites are plotted 
in this ternary diagram m figure 17. The samples of Bayana 
volcanics generally fall in the fields of high Fe-tholeiites 
and high Mg-tholeiites as well as on the boundary line 
between basaltic komatiites and high Fe-tholeiites showing 
an iron enrichment trend . The samples of Khetri 
amphibolites also show a large scatter covering the parts of 
basaltic komatiite, high Fe-tholeiites and high Mg-
tholeiites. However, most of the plots are in ad^joinmg 
parts of basaltic komatiite and high Fe-tholeiites. 
Trace element evidence 
The major element data as discussed above m 
terms of various variation diagrams suggest that the rocks 
of both Bayana volcanics and Khetri amphibolites are 
tholeiite. However, m some diagrams the Khetri amphibolites 
display a tendency towards a composition, transtional 
between tholeiite and calc-alkalme magma series. These 
affinities particularly m case of Khetri amphibolites, 
which have altered mineralogy, need further confirmation 
because the classification of such volcanic rocks based on 
ma^or elements may produce ambiguous results due to mobility 
RS 
Fe+Ti 
Figure 17 Jensen's (1976) cation ternary plot showing composi-
tional variation of Bayana volcanics and Khetri 
amphibolites. 
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of these elements especially the alkalis during post igneous 
alteration and roetamorphism. Some trace and minor elements 
e.g. Ti, Zr, Y, Nb, Cr and P, are considered immobile or 
less mobile during alteration processes and therefore, have 
been successfully used in identification of magma types of 
metamorphosed basaltic rocks ( Cann 1970; Pearce and Cann 
1973; Field and Elliot 1974; Floyd and Winchester 1978). 
Ratios of HFSE such as Zr, TiO^, Y and Nb 
have been widely used to provide a mean of identifying the 
petrologic character of volcanic rock suites (Pearce and 
Cann 1973; Wood at al. 1979; Pearce 1982, 1983; Meschede 
1986). For example usefulness of ratios Zr/ T1O2 and Nb/Y in 
the calssification of basic rock suites has been 
demonstrated by Floyd and Winchester (1978) . In Zr/TiO^ 
versus Nb/Y diagram of these authors (Figure 18) all the 
samples of Havana volcanics and Khetri amphibolites show 
sub-alkalme affinity with predominantly basaltic 
composition. Their Nb/Y ratio (<1) is typical of sub-
alkaline magmatic series (Pearce and Gale 1977). 
To evaluate the above affinities further, 
the data is plotted in Zr/P^Oc versus Nb-'Y (Figure 19) and 
Zr versus PTOR (Figure 20A) diagrams of Floyd and Winchester 
(1975). These diagrams also display a tholeiitic affinity of 
both Havana volcanics and Khetri amphibolites. A tholeiitic 
affinity of these rocks is also evident from Zr/P20^ versus 
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TiO^ diagram (Figure 20B) of Winchester and Floyd (1977) and 
Nb versus T1O2 (Figure 21) diagram of Hekinian (1982). Ti 
versus V plot (Figure 22) further suggests the tholeiitic 
affinity of Bayana volcanics and Khetri arophibolites as 
their Ti/V ratios are between 20 and 50 . In this diagram 
the only high-K sample of Bayana volcanics suggests its 
alkalic basalt affinity. However, in most of other diagrams 
involving incompatible immobile trace elements this sample 
indicates its tholeiitic nature. 
To evaluate the magma type(s) of Bayana 
volcanics and Khetri amphibolites more objectively the data 
is plotted m YTC (Y=Y+Zr m ppm, T=Ti02xlOO m weight 
percent, C=Cr in ppm) diagram. This ternary diagram, which 
has been devised by Davies et al. (1979) has been considered 
to show the original differentiation trends of magmatic 
suites and thus has been widely used in studies of 
Precambrian lavas (e.g. Gaskarth and Parslow 1987; Ahmad and 
Tarney 1991; Raza and Khan 1993). Basic concept in using 
these elements is that Y and Zr are enriched progressively 
during fractional crystallization like Na-,0 and K^O; T1O2 
varies similarly like FeO and Cr behaves like MgO. In this 
manner the YTC diagram is analogous to AFM (A = Na20-"K20, 
F=FeO , M=MgO) diagram but more reliable and effective 
because it is based on immobile elements. 
The plots of Bayana volcanics and Khetri 
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amphibolites in YTC diagram are shown m fiqurp 23. Ail the 
samples of Bayana volcanics follow a tholeiitic trend. 
However, the Khetri amphibolites, despite their less number 
of samples, indicate their transitional nature between 
tholeiite and calc-aJkaline basaltic rocks as two of their 
samples plot along tholeiitic trend and three samples plot 
along calc-alkalme trend. As discussed in a previous 
section some' diagrams based on major elements, have also 
indicated the transitional affinity of Khetri amphibolites. 
Tectonic Setting Classification 
Numerous attempts have been made to elucidate 
the tectonic settings of ancient volcanic rocks, using 
discrimination diagrams based on major, minor and trace 
element compositions (Pearce and Cann 1973; Floyd and 
Winchester 1975; Perace et al. 1975, 1977; Wood 1980; Pearce 
1982; Mullen 1983). However, the validity of these diagrams 
has been questioned by many workers because they often give 
ambiguous results, particularly when they are applied to 
continental tholeiites (Smith and Smith 1976; Zeck and 
Morthost 1982; Holm 1985; Myers et al. 1987; Myers and 
Breitkopf 1989; Bertrand 1991; Wang and Glover 1992). In 
case of Proterozoic volcanic suites the use of these 
discrimination diagrams faces two important difficulties. 
First problem is the effects of alteration and metamorphism 
on mobile elements as well as the fractionation and crystal 
Figure 23 Y(Y+Zr)-T(TiO2xl00)-C{Cr) ternary diagram (after 
Davies et al. 1979) attesting tholeiitic nature of 
Bayana volcanics and transitional nature of Khetri 
amphibolites. 
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contamination on trace elements. To overcome this problem 
the diagrams based on immobile trace elements and REE, 
particularly their ratios, can be used. The second problem 
is that these discrimination diagrams have been devised 
using geochemical data on Phanerozoic and recent rocks from 
different tectonic settings. Furthermore, during evolution 
of continental crust, transitional phases are expected, 
whose chemistry may not fit in any known tectonic setting of 
present time. Nevertheless, some workers (e.g. Pharaoh and 
Pearce 1984) have stressed that mter-element ratios for 
many immobile elements such as Zr, Ti, Nb and Y do not 
change significantly with degree of partial melting and 
fractional crystallization, also, they have not been changed 
with crystal growth over the past 2.0 b.y. (Sun and Nesbitt 
1977; Pearce and Norry 1979). Following this argument and 
the assumption that the fundamental physical processes of 
magmatic evolution have not changed substantially, these 
diagrams are being used even in studies of ancient lavas 
(e.g. Condie 1987; James et AI . 1987; Hatters and Pearce 
1987; Alvi and Raza 1992; Raza and Khan 1993; Zhao, 1994 
Raza et al. 1995). In view of the above, we have used only a 
few diagrams particularly which are based on incompatible 
element ratios. The results obtained frun, these diagrams are 
confirmed or otherwise using MORE and PM — normalised 
geochemical patterns in which most of the important immobile 
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incompatible trace elements and REE are used . 
Discrxminatxon diagrams 
The Ti-Zr-Y ternary diagram (Figure 24), 
though does not provide a complete separation of volcanic 
arc basalt (VAB) and MORE, but effectively distinguishes 
between these types and withm plate basalts (Pearce and 
Cann 1973). Majority of the samples of Bayana volcanics plot 
m field D (Withm plate basalts), although some plot m 
adjoining part of field B, the overlap field of mid-oceanic 
ridge basalts, island arc tholeiites and calc-alkalic 
basalts. The Khetri aniphiboi ites are not plotted m any 
particular field, some of them even plot outside all the 
marked fields probably due to their low Ti and / or high Y 
contents. 
The bivarient diagram of the elements Cr and 
\ provides discrimination of mid-oceanic ridge basalts 
(MORE) and volcanic arc basalts (VAB) from the withm plate 
basalts (Pearce 1982). In this diagram (Figure 25) Khetri 
amphibolites plot m or verv near to the field of volcanic 
arc basalt. However, the position of Bayana volcanics is 
not clear as they plot in an area where fields of mid-
oceanic ridge bas.^lts, withm plate basalts and volcanic ate 
basalts overlap. 
Pearce and Norry (1979) have used Zr Y versus 
Zr diagram to distinguish the basalts of various tectonic 
Ti/100 
YX3 
Figure 24. Ti/100-Zr-Yx3 tectonomagmatic discrimination diagram 
(after Pearce and cann 1973) for Bayana volcanics 
and Khetri amphibolites. A - Volcanic arc basalt, 
B-Mid-oceanic ridge basalt + Volcanic arc basalt, 
C - Calc - alkaline basalt, D - Within plate basalt. 
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environments. In this diaqram (Figure 26) most of the 
samples of Bayana volcanics plot m the field of within 
plate basalt and some of the samples plot in adjoining parts 
of MORB field, probably due to the fact that within plate 
basalt and continental rift basalt have Zr/Y ratio either 
similar to MORB or higher than MORB. It is inferred that the 
rocks of Bayana volcanics are of withm plate affinity. 
Although Khetri amphibolites do not plot m any particular 
field, their data points lie very near to island arc 
basalts. The high Zr/Y ratios of Kolihan samples relative to 
those of Madhan-Kudhan area point towards the involvement of 
lithospheric component in their genesis. 
Pearce (1982) devised a bivarient diagram 
comprising Ti and Zr contents of the basaltic rocks to 
distinguish the niid-oceanic ridge basalts (MORB) and arc 
volcanic suites from the withm plate volcanic suites. In 
this diagram (Figure 27) thf Bayana volcanics plot m the 
area of overlap betvveen MORB and volcanic arc basalt fields. 
However, the possihiJity of these lavas being MORB can be 
ruled out on the basis of their field occurrence and other 
geochemical chararterasties. Samples of Khetri amphibolites 
having low TiO^ concentrations plot m the field of arc lava 
or outside it at low Ti and Zr values. 
Garcia (1978) has demonstrated that m 
contrast to mid-oceanic ridge basalt trend, volcanic arc-
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classifying the Bayana volcanics as within 
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basalts do not show a systematic increase of TiO^ with 
increasing Zr contents. The T1O2 and Zr contents of Khetri 
amphibolites are not showing linear correlation. This lack 
of linear correlation has been considered by Donnelly and 
Rogers (1980) and Rogers et al. (1984) as a diagnostic 
feature of calc-alkalme basalts. 
Pearce (1982,1983) used Ta/Yb and Ce/Yb 
ratios to assess the mantle source condition as well as 
tectonic setting of the basaltic suites. In Ta/Yb versus 
Ce/Yb diagram, (Figure 28), MORB and uncontammated 
mtraplate basalts plot within a well defined band with 
slope of unity, as mantle enrichment events appear to 
concentrate Ta and Ce equally. In contrast, island arc and 
active continental margin basalts are displaced to higher 
Ce/Yb ratios. In this diagram relatively high Ce/Yb ratios 
of Khetri amphibolites suggest subduction zone signature in 
their chemistry because the high Ce'Yb ratio m basaltic 
rocks IS considered to be a function of subduction zone 
metasomatism of the overlying mantle wedge (Pearce 1982). 
However, the metasomatism appears to have superimposed on a 
mantle with higher mter-e lenient ratios than those of 
primordial mantle (PM - in figure 28). Bayana volcanics plot 
in the field of intraplate basalts towards enrichment end. 
The high-K sample of Bayana volcanics plot above the 
enrichment line probably due to its derivation from a more 
LILE enriched source recnon. 
La/Nb versus Y diagram (Figure 29) has also 
been found very useful for discriminating subduction 
generated magmas from within plate, MORE and continental 
flood basalts (_Lees et al . 1987; Winchester et al. 1987). 
This diagram also clearly separates the Bayana volcanics 
from Khetri amphibolites. In this diagram the Bayana 
volcanics plot in the field of continental flood basalts, on 
the other hand, the khetri amphibolites displaying high 
La^Nb ratios, occupy the field of island arc basalts. 
Spidergrams 
Mid-oceanic ridge basalt (MORE) and 
primordial mantle (PM)~ normalized spidergrams provide 
convenient means of comparing distinctive geochemical 
characteristics of basaltic rocks and thus they have been 
widely used to identify non-differentiation related 
compositional variations (Pearce 1983; Ahmad and Tarney 
1994). They are particularly useful to identify the source 
characteristics and also possible tectonic setting of 
emplacement of ancient basaltic rocks. 
The trace element signatures of Bayana 
volcanics and khetri amphibolites are visualised on extended 
patterns of incompatible elements, where element 
concentrations are normalized by N-MORB (Figure 30) and P.M 
(Figure 31). In this attractive mode of presentation, which 
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and James et al. (1987). The elements are 
arranged in order of decreasing incompa-
tibility from left to right. 
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Figure 31 Primordial mantle (PM) - normalized spider-
grams of Bayana volcanics (A) and Khetri 
amphibolites (B). Normalizing values are 
after Sun and McDonough (1989). The 
elements are arranged in order of 
decreasing incompatibility from left to 
right. 
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visualised the general behavior of the rocks, elements are 
arranged according to their incompatibility as suggested by 
various workers (e.g. Pearce 1982; Thompson et al. 1982). 
MORE — normalized patterns are particularly 
useful to compare the incompatible element abundances with 
MORE which help to elucidate the type of magma in terms of 
various plate tectonic settings (Pearce 1982; Thompson et 
al. 1984). These spidergrams have been widely used to 
compare Proterozoic basaltic rocks with modern samples from 
different tectonic settings (Pearce 1982; Pharaoh and Pearce 
1984; Watters and Pearce 1987; Raza et al. 1993). Most of 
the elements used m this diagram have low bulk partition 
coefficients between basaltic magma and crystallizing 
olivine, clmopyroxene and plagiocJase and thus the basic 
patterns of the elements will not change with progressive 
fractional crystallization (Pearce 1982). In such a diagram 
the subduction generated basaltic rocks exhibit patterns 
which are characterized by strong enrichment m Sr, K, Rb, 
Ba, Th and / or LREE and typical depletion m Zr, Hf, Nb, 
Ta, Y and Yb. On the other hand^the within plate continental 
basalts show a "humped" pattern m which most elements 
except those compatible with garnet Iherzolite (e.g Y and 
Yb) are enriched relative to N-MORB (Pearce 1982). 
MORE - normalized geochemical patterns of 
Bayaria volcanics and Khetri amphibolites are presented in 
1 Of) 
figure 30. In this diagram the Bayana volcanics show a close 
affinity with tholeiitic within plate basalts as indicated 
by a progressive enrichment of most of the elements from Y 
to Ta relative to N-MORB. Sample 20 shows a higher K, Th, 
La, and Ce contents than other samples. The selective 
enrichment in these elements may be due to crustal 
contamination of a basic within plate tholeiitic magma as 
identified in many Phanerozoic continental tholeiites 
(Thompson et al. 1983) or such an enrichment may be source 
derived. 
The MORB - normalized spidergrams of the 
khetri amphibolites display more pronounced anomalies 
comparative to Bayana volcanics. Under the type of 
alteration that the Khetri amphibolites have undergone, the 
LILE such as K, Rh and Ba are considered susceptible to 
remobilization and their implication for tectonic settings 
may not be reliable. However, Th is considered to be less 
mobile than other elements during such post igneous 
processes (Pharaoh et al. 1987) and thus may be used as more 
reliable LILE than K, Rb and Ba (Pharaoh et al. 1987). In 
the MORB- normalized spidergrams of Khetri amphibolites, an 
overall pattern is evident, characterised by strong 
enrichment of LILE including Th and distinct troughs at Nb, 
Zr, Hf and Y indicating strong depletion of these elements 
relative to MORB and the Bavana volcanics. These features, 
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alonqwith tholeiite-calc alkaline nature of khetri 
amphibolites, are typical of basaltic rocks which are 
generated by subduction related magmatic processes. These 
enrichment are not due to any prior fractionation of 
parental magma but are thought to be derived from mantle 
which has been metasomatised by slab derived fluids and / or 
melts (Saunders et al. 1980). The patterns of Khetri 
amphibolites appear similar to those of arc related rocks 
which are erupted on a continental crust. It has been 
observed that basaltic rocks erupted on a continental margin 
arc show the same characteristic LILE enrichments as basalts 
from oceanic arc but to higher absolute abundances. In 
addition they are relatively rich m Nb, Ta, Zr and Hf. This 
feature is considered to have been derived from parental 
magma produced from a metasomatised sub-continental 
lithosphere. In this mannet the rocks occurring at or near 
an active contmentdl maram are characterized by trace 
element enrichment vvhich may contain two components (Pearce 
1983), I.e. a subduction component characterized by 
enrichment m LILE and LREE and a lithospheric component 
which contribute a greater proportion of Nb, Zr, Hf, Ti, Y 
and Yb. The relatively higher abundances of Nb m samples 
from Kolihan area (average 9 ppm) relative to those from 
Madhan -Kudhan area (average 3 ppm) point to the importance 
of lithospheric component m their genesis. The high Nb 
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content : ii thoKc samplt-s ni.iy he an indiCdtor of proqresrsivr 
maturity (;f thf^  subduction environment. The very lov. values 
of Ti and P m some of the samples may be due to fractional 
crystallization of Fe-Ti oxide and apatite. 
The PM - normalized geochemical patterns of 
Bayana volcanics and Khetri amphibolites are shown m figure 
31. All the samples of Bayana volcanics have similar PM-
normalized profiles showing a distinctive trace element 
signature. They display a marked enrichment of LILE over 
HFSE and LREE. They also show prominent troughs at Nb, Sr 
and P. A key feature of these profiles is the depletion of 
Nb relative to La and K . These are the features not 
commonly found m oceanic basalts and have been observed an 
continental flood basalts which have been screened for the 
effect i')f cru&tal contamination ( Hawkesv%ort h et al. 1 99J ) . 
These fetitui"e,<- .ivc typically attributed to old mcompa t il)i r 
element ei.i ,. '••• .1 s lurrf recijons 3 r, continental lithosrih; M . 
Tile parallel patterns of Bayana volcanics 
indicate that they have undergone fractional 
crystallization. Although the anomalies displayed by many 
elements may be consistent with removal of various minerals 
such as negative Sr anomaly may be a reflection of 
j-)l agi oc 1 ase removal, P due to apatite r^'mova 1 and so on 
The absence rif any prominent Ti anomaly suggests that Ti 
healing phase e.g. T11 anomacniet 11 e had pla\ed no role in t lu 
1 0' 
evolution of these rocks. However, the depletion of Nb 
anomaly can not result from any maqmatic differentiation 
and therefore appears to be a source characteristic. 
The geochemical profiles of all the samples 
of Khetri amphibolites are parallel except in the segment 
Rb-K which appears to be due to mobile nature of Rb, Ba and 
K. However, an enrichment of immobile alkaline element Th 
relative to HFSE and REE is evident. Nb concentrations are 
depleted relative to LREE. 
When spidergrams of these suites are compared 
(Figures 30 and 31 ),» the FChetri amphibolites appear to show-
more enrichment in LILE (particularly Th) and LREE and low 
level of abundances of Nb and other HFS elements than Bayana 
volcanics. The prominent negative anomalies at Sr, P and Ti 
suggest that the fractionation of plagioclase, apatite and a 
Ti — bearing phase have played a major role m the evolution 
of these rocks. The high LILE HFSF ratio, extremely low Nh 
abundances and behavior of Ti as a compatible element during 
differentiation of magma are the features which are 
considered to be of a typical volcanic arc lava. The 
depletion of Nb is stronger in Madhan-kudhan samples than 
those of Kolihan . Large Th enrichment and Nb and Ti 
depletion are the characteristic features of khetri 
amphibolites. 
The mean values of khetri amphibolites are 
11 n 
plotted in fiqurp 32R ft^ r comparison with simiJar rocks of 
south DeJhi fold belt which have been considered as 
subduction generated niagrnatir- suites (Volpe and MacDouqall 
1990). The fields for continental margin arcs (Condie, 1986) 
and oceanic arc tholeiites (Pearce 1983) are also shown. It 
is evident from this diagram that khetri amphibolites are 
variably enriched in Rb, and Ba and depleted m P, Zr, Hf, 
Ti and Y. In this manner they display geochemical patterns 
remarkably similar to those of south Delhi fold belt except 
that the Khetri amphibolites are comparatively enriched m 
Sm and more depleted in Ti. When compared with modern arc 
lavas (Figure 32A) the khetri amphibolites show a range of 
variation from oceanic arc tholeiites to lower range of 
continental arc tholeiites, suggesting progressive maturity 
of the subduction environment. 
It IS well known fact that LILE are 
susceptible to reniobi 1 i&at i on dui m g alteration and other 
post magmatic processes and their implication for tectonic 
setting may not be reliable. Keeping this m mind the mean 
MORB - normalized values of Khetri amphibolites and Bayana 
volc-anics are plotted m figure 33, using only the eleincnt!^ 
which are immobile or less mobile. Th is choosen among LILF, 
since it remains comparatively immobile during secondary 
processes. The high LILE 'HESE ratio of khetri amphibolites 
reflects the arc type signature of these rocks. Patterns of 
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Figure 32 MORE-normal!zed incompatible multi-element 
diagram for Khetri amphibolites compared 
with basaltic rocks occurring in subduction 
related tectonic settings (A) and with 
similar rocks of south Delhi fold belt (B) . 
Data source: Chanvarli, Desuri and Ranakpur 
of south Delhi fold belt (Volpe and 
MacDougall 1990), Continental margin arc 
(Condie 1986), Oceanic arc tholeiites 
(Pearce 1983). Normalizing values are after 
Pearce (1982). 
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Figure 33 MORE-normalized incompatible element 
spidergram showing differences in LILE/HFSE 
ratio in Bayana volcanics and Khetri 
amphibolites of Kolihan and Madhan-kudhan 
areas. Normalizing values are after Pearce 
(1982) . 
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amphi bcjl 1 tes both from Madhan-Kudhan and Knlihan areas ar(= 
distinctive from those of HFSE enriched withm plate basalts 
of Bavana basin 
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CHAPTER FIVE 
PETROGENETIC CONSIDERATIONS 
Bayana VolcanicB 
The geochemical evidence as discussed m the 
previous chapters suggest that the Bayana volcanics are all 
tholeiitic m nature.Their present geological situation 
along with their tholeiitxc composition lead to conclude 
that they were outpourings of continental tholeiites 
emplaced on continental crust consisting pre-Delhi basement 
rocks. This interpretation is supported by their geochemical 
characteristics which closely resemble with those of 
Phanerozoic flood basalts which are frequently found on 
ad;3acent areas of Gondwanaland continents (Storey et al . 
1992). Therefore, to understand the petrogenesis of Bayana 
volcanics it is interesting to consider the origin of these 
rocks in the light of existing petrogenetic models proposed 
for the genesis of Phanerozoic continental flood basalts 
(CFB). The origin of CFB has always been in heated debate. 
The important aspects of this debate are their chemistry and 
localization of their mantle sources. Geochemically, the 
continental basalts are different from mid-oceanic basalts 
m having more abundance of incompatible element 
concentrations. This character has been explained m 
different ways by different workers. 
Swanson et al. (1975) and Thompson (1977) 
suggested that basaltic rocks of the continents and the 
11^ 
oceans are originated from similar MORB-like mantle source 
and that the enriched nature of the continental basalt is 
developed during ascent or stay in the shallow level 
reservoirs where a variable quantity of crustal material is 
assimilated . The origin of continental basalts from a MORB-
like depleted source has been advocated by various authors 
(e.g. Mahoney et al. 1982; Dupuy and Dostal 1984; Fodor et 
al. 1985). 
The second view is that, the continental 
basalts are derived from an enriched mantle source located 
in old subcontinental lithosphere (Brooks et al. 1976; 
Menzies and Murthy 1980; Hawkesworth et al. 1983; Lrlank et 
al. 1986). Such enriched source may occur m a stable part 
of the mantle which has not been subjected to convective 
recycling for a long period of time. The enrichment of 
source region is likely to result from progressive 
impregnation by ancient progressive processes through fluids 
and / or meltb rising either from deeper part of mantle or 
linked to former subduction processes (Brooks et al. 1976; 
Jordan 1978; Kyle 1980; Mensmg et al . 1984; Alibert 1985; 
Hergt et al. 1989). Although subduction model has been 
widely proposed, the influence of subduction on such a 
large scale in time and space has been questioned (Ahmad and 
Tarney 1993). 
Although it has been suggested that the 
1 16 
crustal contamination can not bf invoked as a generally 
applicable process (Menzies 1992), the debate of 
contamination versus enrichfd source still exists (Arndt et 
al . 1993) and no satisfactory solution appears imniediately 
m sight. This is due to tl-e far-t lli^ t^ oiiriched nature of 
some suites e.g. British tertiary, {DeVdulo 1988) appears to 
be developed due to crustal contarrmcd ion. v. icreas other 
display charactcristxcs compaLiL-ie with mantle 
heteroqeneit\ . Ari outstandmu cjuestioh '.hat is linked to 
these pe' ronenftjc debate":; is i.iietn'^ r ih" bouroe of CFB 
locates m Lhe buLcont mental lithosph^3-e or ast henosphere. 
All of the CF^ B ai'e not similai m comp' Sj.tion. tur example, 
Deccan basalts are found qeochcrriicaJ ly sinuJar to thc-se of 
lavas which have erupted recently on Rcur.jon Island (Mahoney 
1986). However, most of other CTB provinces of Gondwanaland 
djsplax some distm^-t ge'^c^e^.l<al ch-iiact eristics which 
suggest 1 !.<_ r oiau^ri in subcoiiti nent a 1 1 11 K).s}'here (Bertrand 
1991, Hav-.Kesuorth ^t ai. l^'-i2). 
In vif^v. of the dbc>\.', th-^  petrogenesis of 
continental tholejites is considertG to he more complex, 
because it results from superiinpo.sition of \diious processes 
(Bertrand 1991) such as source; regitjri mhomogeneit les, 
different degiee of partial melting m the mantle, high 
level fractionation of different mineral phases and possiblv 
interaction with crustal rocks during their ascent leading 
1 T 7 
to contamination. 
The synthesis of geochemical data specially 
element abundances and variatlon^ may be used as powerful 
tools to evaluate the relative importance" of these processes 
m petrogenetic evaluation of Dayana voicanics. Therefore, 
the petrcgenesis of these ijcks is discussed under following 
headings. 
1. Contamination versus enriched source, 
2. Mantle source processes and 
3. Fractional crystallization 
Contamination versus enriched source 
It is not easy to assersthe effect of crustal 
coiitamination on rock chemistry, particularly m absence of 
isotopic data. However, many of trace elements may be proved 
helpful in the evaluation of crustal contamination versus source 
characteristic. For example, the marked trough m 
incompatible elements spidergram at Nb is considered to be a 
distinct signature for magmas which have been contaminated 
by continental crust (Pearce 1983) bfcause all likely 
crustal contaminants have large negative Nb anomalies 
(Weaver and Tarney 1983). The Bayana voicanics do not 
display such large negative anomalies m their spidergrams 
(Figures 30 and 31). The possibility of contamination along 
with crystal fractionation (AFC) is also not favourable 
because there is no strong relationship between an index of 
1 1 f> 
differentiation such as SiO^ and Mg numbers and the 
compatible element concentrations. 
To assess the effect of crustal contamination 
if any, on the chemistry of these rocks we have plotted 
incompatible element ratios Y/Nb versus Zr/Y and Ce/Yb 
versus Zr/Y m figures 34A and B in which the values of 
Archaean lower and middle crusts and also a mixture of 
these two m 3:1 ratio are plotted (Ahmad and Tarney 1993). 
Because Ce is more incompatible than Yb, and Zr and Nb 
more incompatible than Y, hence any metasomatism of source regior 
will enhance Ce'Yb and Zr/Y ratios. The rocks derived from 
melts generated from a primitive or depleted mantle source 
and subsequently enriched due to crustal contamination will 
plot on or close to probable crust-mantle mixing line. 
Bayana volcanics plot away from mixing line and follow 
enrichment trends of the metasomatised mantle sources. 
The derivation of these rocks from an 
enriched source is also evident in Ce-Kd diagram (Figure 
35A) where the Bayana volcanics plot along a line 
intersecting the origin. The mantle derived melts which have 
been assimilated during their ascent would plot m Ce-Nd 
diagram along a line intersecting the Nd-axis and not the 
origin (Horan et al. 1987; Bhat and Ahmad 1990; Ahmad and 
Tarney 1991). Similar relationship is observed on La-Ce 
diagram (Figure 35B) suggesting that the enriched nature 
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Figure 35A Ce versus Nd bivariant diagram (after Horan 
at al. 1987) for Bayana volcanics showing 
insignificant effect of crustal contamina-
tion on their chemistry and illustrating 
their derivation from an enriched source. 
Chondrite ratio is after Sun and McDonough 
(1989). Dashed line with percent melting 
marked for compositions of melts derived 
from primitive mantle (with Fe/Mg=0.12 and 
chondritic REE ratios). 
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La 
Figure 35B La versus Ce covariation diagram for Bayana 
volcanics showing similar trend as shown by 
Ce-Nd diagram. 
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of Bayana volcanics has been inherited from the source. 
The effect of crustal contamination on the 
chemistry of hasaitic rock? can alsr-o be assesed by using 
contents of La csnd Th . Tht- La and Th cont ents of Bayana 
volcanics are plotted an figure- 36 where the data points 
fall on a line intersecting the origin indicating that 
during fractionation both ejerueiiT,?^  ^ere highly incompatible 
(Hanson 1989). Tt is believed that any crustal contamination 
of these voljanies uould have resulted m deviation of the 
line from th>'-> origin (Larson et ai. 199'*). 
Higls content of FeO' anci TiO-, also suggest 
that Bayana volcanics have f,(^t suffered crustal 
contamination because all the contaminated rocks generally 
have low FeO and Tii)^ contents (Carlson et al. 1981; Arndt 
and Jenner 19L6). 
If the crustal contamination is not 
responsible fc>i t }>e enririimri t of }'>,,vana volcanics, the 
remaining interi-"e1 atir n is tf at tiitst volcanics have been 
generated fron a'> enrich'^d inanLle source. Tiie source region 
characteristics of basaltic melts can be assessed by using 
ma^or, trace and rare earth element abundances and ratios. 
Rajcii^ ani et dl. (1985) modified the iMgl-lFel 
diagram of Hanson and Langmuir (197S) and Langmuir and 
Hanson (1980) for batch melting of mantle sources with 
pyrolitic [Fe/Mgl ratio 0.12 at various pressure conditions 
?1 
Figure 36 Th versus La plots (after Hanson 1989) for 
Bayana volcanics. The samples plot along a 
line passing through origin indicating 
that contamination has not played any 
significant role in their evolution. 
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I.e. 1-atm. , 25 Kbar and 50 F;bar, by using experimental data 
of E^ ord et al . (1^)83). In this diagram the calculated I Fe 1 
and [Mg] values help m direct comparison of the rocks with 
a range, of compostions on the olivine saturation surface. 
This diagram is a useful mean to know about the nature of 
source and extent of melting of mafic magma that could have 
been equilibrated with olivine. Further modification m this 
diagram has been made by Horan et al. (1987), who calculated 
the solidii at 1-atm and 25 Kbar field for melting of non-
pyrolitic source with iFe/Mq) = 0.25. The usefulness of this 
diagram has been discussed m detaal by Ra3amani et al. 
(1993). The addition made by Horan et al. (1987) has 
enhanced the utility of tins diagram particularly m the 
case of continental tholeiites which are believed to have 
lie Mg) ratio more variable and much higher than magma from 
which the MORE are dei ivei' (V\ilkinson and Le Maitre 1987). 
More details about the construction of tl-is diagram and 
calculation of IMg] and Fe] are given jn Rajamani et al. 
(1985). 
To understand the source characteristics, the MgO 
and FeO contents of Bayana volcanics are corrected and 
plotted m [Fe] versus (Mg] diagram m figure 37. The 
increase m the extent of melting would produce melts v\ith 
similar IMg1 but low IFe 1 contents (Langmuir and Hanson 
1980). If melt suffers fractional crystallization, the 
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Figure 37 Plots of calculated [Fe] versus [Mg] for Bayana 
volcanics (after Rajamani et al. 1985; Horan et 
al. 1987). [Fe] and [Mg] are defined as corrected 
Fe and Mg abundances in cation mole percent using 
the equation of Ford et al, (1993). Calculated 
melt field for pyrolite mantle source (filled 
circle 'A' with [Fe/Mg] ratio of 0.12 and olivine 
with FOqp^  on solidus) are shown for 1 
Kbar pressures with isotherms for 
crystallization; filled squares 1 and 
solidii compositions for pyrolite mantle 
Open squares 1 and 2 are solidii 
non-pyrolite mantle source (open circle 
[Fe/Mg] ratio of 0.25 and olivine with ---QQ 
and 25 Kbar pressures. Fraction-
olivine then clinopyroxene + 
5 percent^ ticks, is taken from 
(1989). ' Outlines for Basal 
Aravalli volcanics (Ahmad and Rajamani 1991), 
Garhwal volcanics (Ahmad and Tarney 1991) and 
Precambrian basalts (Bhat and LeFort 1992) are 
shown for comparison. 
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removal of olivine would lead to severe depletion of IMq] in 
the evolving liquid but IFe] content is not changed.The 
fractionation of plagioclase and/or pyroxene with olivine 
may cause a significant [Fe] enrichment m the melt 
(Langmuir and Hanson 1980). All the samples of Bayana 
volcanics plot outside even 1-atm melt field for pyrolite 
and show a rather steep negative iron enrichment trend. The 
magnitude of iron enrichment as seen m figure 37 can not be 
explained only by fractional crystallization because it 
would require a large amount of plagioclase and / or 
clmopyroxene fractionation. Therefore, the observed 
increase and spread m 1Fe] content suggest that the Bayana 
volcanics have been derived from mantle source (s) v%ith 
variable but enriched [Fe/Mgl ratio than the pyrolite 
(Rajaroani et al. 1985, 1989; Horan et al. 1987; Ahmad and 
Tarney 1991, 1994). 
Furthermore, the plots of Bayana volcanics m 
this diagram lie within field of Fe - enriched Proterozoic 
continental tholeiites of Indian shield and other localities 
of the world (Bhat and LeFort 1992). This trend of IFe) and 
iFe/Mg], shoun by Precambrian volcanic suites was found to 
be too laige to be explained by fractionation of olivine and 
plagioclase-pyroxene. Contrarily they are considered to have 
been derived from a mantle enriched m iFe] content witli 
much greater (Fe/MgJ ratio <Kajamani et al. 1989). Same 
1 T7 
explanation is applicable for Bayana volcanics and thus 
their derivation from a mantle source with high [Fe/Mg] 
ratio IS inferred to be a distinct petrogenetic character. 
The source characteristics of Bayana 
volcanics, may be fingerprinted by using incompatible 
element ratios. Zr-Y, Zr-Nb, Zr-.Ce and Zr-Ti02 plots of 
Bayana volcanics (Figure 12) and also high Zr/Y, Zr/Ti02 and 
Nb/Zr ratios (Table 10) relative to primordial mantle 
suggest that the melts of these volcanic rocks have been 
derived from an enriched source. Furthermore, these 
volcanics have large range of Zr/Y, Y/Nb, Zr/Nb ratios (2.63 
to 5.70, 1.79 to 7.33, 5.56 to 30.33 respectively). 
Distribution coefficient data indicate that Zr/Y, Y/Nb and 
upto some extent Zr/Nb ratios of basaltic melts may be 
fractionated only slightly by low degree of partial melting 
with residual clmopyroxene and / or garnet m the source 
(Frey et al. 1978; Pearce and Norry 1979; Le Roex et al . 
1983). The large variation of these ratios m Bayana 
volcanics can not be attributed simply to the differences in 
magnitude of distribution coefficients alone. Such large 
variations are more likely to reflect the differences in 
source region characteristics (Le Roex et al 1983). Zr Kb 
has been considered to be a sensitive indicator of source 
enrichment (Erlank and Kable 1976; Le Roex et al. 19B3). 
Since tholeiites are considered to be generated by 
relatively large deqree of partial melting (Jaques and Green 
1980; Zhao, 1994), the incompatible element ratio such as 
Zr/Nb IS believed to approach those m their sources. Zr/Nb 
ratio of Bayana volcanics (^ -v^ lS) is lower than the 
chondritic value (16-18, Erlank and Kable 1976), suggesting 
that they are derived from an incompatible element enriched 
source. A plot of Zr versus Nb contents (Figure 38) suggests 
that the Bayana volcanics have been derived from a 
moderately enriched source. 
To further assess the source characteristics 
of Bayana volcanics, incompatible element ratios are 
collectively used. Although the abundances of these elements 
are controlled by degree of partial melting and to a 
limited extent by fractional crystallization, their ratios 
are not changed m basaltic melts during these processes and 
thus represent the source characteristics. Amongst these 
ratios there are many which are not changed e\en by open 
system fractional crystallization (Condie 1990). The 
incompatible element ratios of Bayana volcanics are 
presented in the form of a spidergram ( Ahmad and Tarney 
1993) m figure 39. To construct the sp>idergram the ratios of 
the rocks are normalized by similar ratios of primordial 
mantle (PM, Sun and McDonough 1989) so that the element 
ratios are compared directly to standard PM ratios. By such 
normalization the effect of fractional crystallization, if 
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Figure 38 Zr versus Nb diagram (after Le Roex et 
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enriched nature of Bayana volcanics. 
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Figure 39 Primordial mantle (PM) Ratio - normalized 
spidergrams (after Ahmad and Tarney 19 93) for 
Bayana volcancis. The plots of ratios Ti/Th, 
Ti/Nb, Ti/Ce, Ti/Zr, Zr/Nb, Zr/Ce, Y/Ba, Y/Rb, 
y/Nb and Y/Ce below the PM ratio line and 
those of ratios Ti/Y, Ti/Yb, Zr/Y and Zr/Yb 
above the PM ratio line discard the 
possibility of the crustal contamination to 
cause the enriched nature of these rocks and 
suggest their derivation from enriched 
source(s). Normalizing values are after Sun 
and McDonough (1989). 
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any , on the melt composition is removed and thus the 
element ratios of the melt would reflect the mantle source 
ratios (Myers et al. 1987). In this diagram, the ratios, m 
which denominator is relatively more incompatible (e.g. 
Ti/Th, Ti/Nb, Ti/Ce, Ti/Zr, Zr/Nb, Zr/Ce Y/Ba, Y/Rb, Y/Nb and Y/Ce 
and will plot below the PM ratio line if the rocks 
have been derived from an enriched source, they will plot at 
the line if their source was flat like PM, or they will plot 
above the line if they have been derived from a depleted 
source in comparison to primordial mantle (Ahmad and Tarney 
1993). On the other hand, ratios (e.g. Ti/Y, Ti/'Yb, Zr Y and 
Zr/Yb) m which denominator is relatively less incompatible, 
would plot in an opposite way as discussed above. 
In this diagram (Figure 39), the pattern of 
all the samples of Bayana volcanics, including high-K 
samples , are all parallel suggesting their derivation from 
source (s) of almost similar composition. The plot of ratios 
Ti/Th, Ti/Kb, Ti/Ce, Zr/Nb, Zr/Ce, Y/Ba, Y/Rb, Y/Nb and Y.Ce 
below the PM line and those of raitos Ti'Y, Ti/Yb, Zr/Y and 
Zr/Yb above the PM line overwhelmingly suggest that the 
Bayana volcanics have been derived from' a source enriched m 
incompatible elements. 
PM-normalized incompatible trace element 
ratio pdtterns (spidergrams) of Bayana volcanics are 
compared with those of basaltic rocks from different 
tectonic settings in figure 40. It is evident that the shape 
of the pattern displayed by high-K samples of Bayana 
volcanics is very similar to that of normal tholeiites of 
the same suite which in turn is very similar to the pattern 
of average continental tholeiites of the world (Holm 1985). 
The similarities in the shape reflect similarity of genetic 
processes and / or source region that supplied the magma. 
The more pronounced anomalies in pattern of high-K sample at 
the ratio involving Th and Ce are probably due to relatively 
more enriched source of these rocks. 
There are two possible ways m which the sub-
continental lithosphere might be enriched. First likely 
mechanism suggested for the enrichment character of SUIJ-
continental lithosphere, is considered to have been 
established when ancient pelagic sediments were dragged 
along with subducting slab and incorporated into the source 
region to contaminate it significantly (e.g. Hergt et aJ. 
1991) However, the influence of subduction on such a scale 
m time and space has faced many difficulties to be proved 
and thus has been rejected by many workers (e.g. Ahmad and 
Tarney 1993). Ahmad and Tarney (1991) compared the PM-
normaiized patterns of CFB with those of possible 
contamjnarit (Figure 41) m c i u d m a Post - Archaean 
Terrestrial Shales (PATS) which represent an "upper crust" 
comfionent and for average Archean crust, which represents a 
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Figure 40 Primordial mantle (PM) - normalized 
incompatible element r a t i o p a t t e r n s for 
average Bayana volcanics compared with 
b a s a l t i c rocks from d i f f e r e n t t e c t o n i c 
s e t t i n g s . Data source: N-MORB, E-MORB and 
OIB (Sun and McDonough 1989); CT (Holm 
1985). Normalizing values a re a f t e r Sun 
and McDonough (1989). OIB: Oceanic i s l a n d 
b a s a l t ; CT: Cont inenta l t h i o l e i i t e . 
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Figure 41 Primordial mantle (PM) - normalized multi-element 
patterns of Bayana volcanics compared with those of (A) 
Proterozoic north Indian mafic rocks and (B) Proterozoic 
dykes and continental flood hasalts of the world and also 
with (C) those of mafic rocks occurring in different tectonic 
settings, post Archaean terrestrial shales (PATS) and 
Archaean crust (Ahmad and Tarney 1991). Data source: Garhwal 
volcanics and dykes (Ahmad and Tarney 1991); Basal Aravalli 
volcanics (Ahmad and Rajamani 1991); Mandi Darla volcanics 
(Ahmad and Bhat 1987): Scourie dykes (Weaver and Tarney 
1981); Antarctica dykes (Sheraton and Black 1981); Tasmanian 
dolerite (Hergt et al. 1989); Karoo dolerite (Marsh 1987); 
PATS (Taylor and Mc Lennan 1985); E-MORB, N-MORB and OIB (Sun 
and McDonough 1989); Archaean crust (Weaver and Tarney 1985); 
Mariana arc (Wood et al. 1982). 
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mid or deep crust component . Although PATS display required 
negative Nb, Sr, P, and Ti anomalies as found in patterns of 
CFB magmas, these authors rejected them to be the possible 
contaminant for the source of CFB because late-Archaean 
sediments of similar composition would be required to 
subduct and contaminate early Proterozoic magama source 
which have similar distinctive characteristics. On the other 
hand, Archaean crust composition whcih would be available in 
time and space does not have required trace element 
characteristics. The PM-normalized patterns of Bayana 
volcanics are compared with those of Proterozoic dykes and 
continental flood basalts and the mafic suites of different 
tectonic settings m figure 41 (Ahmad and Tarney 1991). The 
similarity of patterns of Bayana volcanics and other 
Proterozoic mafic suites in terms of Ce/Nb ratio and 
negative P and Ti anomalies suggest that source 
contamination ttirouqh sediment subduct ion can not be 
considered a likely mechanism for the enrichment of source 
region of Bayana voJcanirs. 
Second and much advocated way of the source 
enrichment is p>roqressive trarispurt of LILE into the source 
region through fluids and / or melts , which are leaked from 
deeper mantle and emnlaced m tlie overlying Jithosphere 
(Shirey and Hanson 1984). During these processes the mantle 
sources are metasomatised bv extremeIv undersaturated 
silicate melt or a H.,0 or CO^-rich fluid phase . The 
silicate melt has a tendency to enrich the source region m 
all incompatible elements and also in Fe and Ti. On the 
other hand, fluids would metasomatise source selectively 
depending upon whether the fluid is hydrous or CO2—rich. 
However, the fluids have no capability to enrich the source 
m Fe and Ti (Scheneider and Eggler, 1986; Stosch and 
Lugmair 1986; Eggler 1987). Furthermore, C02-rich fluids 
increase the Nb/Zr ratio (Pearce and Norrv 1979). 
The high and variable IFe] contents and 
[Fe/Mg] ratios (Figure 37), high LREl HREE together with 
negative Nb, and P anomalies (Figure 31) and high abundances 
of incompatible elements and Ti m Bayana volcanics suggest 
that their source region was meta&omatised through the 
process of melt plia&e onri l^imoi.t. Hu\\c\fi, the rocks at the 
same time are also enriched :n LREE (Ce YY),^21'i and have 
high Nb'Zr ratios (,^0.(J94) co.iiporco to P"\; (~0.()0-!; Sun and 
McDonough 1989) and thereior;- suggest that the CO-,— rich 
fluid have also played a role in motasorsutism of their 
source region. The presence of hiqh-K rocks in the Bayana 
vi;lcanic sequence also supports the enrichment of their 
source region through fluid phase motasomatism.lt has been 
observed that high-K lamprophyres of nfirthern England have 
been originated from a manlte source, enriched through CO., 
and H^O—bearing fluids released from deeper part of the 
mantle (MacDonald et al. 1985). Influence of H^O-rich fluids 
on the mantle source may account for relatively high SiO-, 
content of these high -K mafic samples . 
Mantle source processes 
To understand the processes operated in the 
source of Bayana volcanics, the plots Al20^/T1O2-T1O2r and 
CaO/Ti02-TiO-, (Figure 8A) are considered first. The 
AI2O3/T1O2-T1O2 and CaO/Ti02-Ti0.5 diagrams demonstrate that 
T I O T contents in these rocks are more variable with limited 
Al^Oo concentrations. This characteristic suggests that the 
Al-bearing phase was present either m the residue or as the 
fractionating phase that controlled AITO-, abundancese in the 
melt from which the Havana volcanics have been derived. The 
phases that can control the Al^On abundances during magma 
genesis are those in which A 1 2 0 T I S present as an essential 
structural constituents. Such phases include plagioclase, 
garnet and spinel.Among these phases plagioclase VvouJd 
control CaO and Al.,Oo, and garnet and spinel can possibly 
control only A1-,0T. 
The low CaO'Al^O-^ ratio ( <1 ) of Bayana 
volcanics indicates more control of Ca with respect to Al . 
This m turn ma\ suggest that Bayana Volcanics were 
generated at a shallo\%er depth where Al-bearing phases are 
unstable (Nesbitt et dl. 1979). Therefore, it appears that 
probably the garnet was not involved during generation of 
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their maqmas. 
To assess whether clinopyroxene and garnet 
were the residual phases^the La and Yb concentrations of 
Bayana volcanics are plotted against Cr content in figure 
42. In clinopyroxene the Kd for Cr is 6 and for La and Yb 
0.07 and 0.43 respectively (Bender et al. 1984). If 
clinopyroxene was a residual phase during partial melting, 
the Cr would display a negative trend with La and Yb (Bhat 
et al. 1994). Garnet has higher Kd values for Yb and Cr and 
very low values for La {Kd for Yb=4.03, Cr=2, La^O.Ol, 
Prinzhofer and Alleqre 1985). If garnet remained as residual 
phase the Yb and Cr contents m melt would be lower and La 
content would be higher. If both garnet and clinopyroxene 
are considered to be residual phases, Yb and Cr would be 
lower and La would be more. The negative trend m Cr versus 
La and Yb diagrams reflect the effect of clinopyroxene 
involvement m the- genesis of Bayana volcanics. 
In figure 43, La and Yb concentrations of 
Bayana volcanics are compared to batch non-modal melting 
trends and fractional crystallization trends of Sen et al. 
(1988). The plots suggest that Bayana volcanics can be 
derived from about less than 10 percent partial melting of a 
slightly enriched (E-MORB source of Uood 1979) garnet 
bearing peridotite, followed by about 40 to 60 percent 
fractional crystallization of olivine, plagioclase and 
.^Q 
>• 
400 
Figure 42 Cr versus Yb and La variation diagrams (after 
Bhat et al. 1994) for Bayana volcanics sugges-
ting the role of clinopyroxene in their genesis 
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o 10-
Yb 
Figure 43 La versus Yb concentration of Bayana 
volcanics compared to batch non-modal 
melting trends and fractional crystalli-
zation trends. Source A is an E-MORB and 
source B is a N-MORB. Melting trends are 
after Sen et al. (1988), which were 
calculated using modal abundances 50 
olivine (01): 20 orthopyroxene (Opx):20 
clinopyroxene (Cpx): 10 garnet (Gt) and 
melting proportions 30 Opx: 30 Cpx: 40 Gt 
for source A and modal abundances 50 01: 2 0 
Opx: 25 Cpx and melting proportions 50 Opx: 
50 Cpx for source B. Crystallization trends 
were calculated using normal proportions 
01: Flag: Cpx: = 1: 1: 1. 
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<• J 1 nopiy roxene. Howevei', maior eJernents, N3 and Cr data do 
not indicate such extreme fractionation . This diagram also 
suggests that LREE enriched Bayana volcanics are unlikely to 
be derived from a N-MORB type source. 
To evaluate the melting conditions, the REE 
compositions of the source has been calculated for sample 5 
which appears to be most primitive sample among those of 
Bayana volcanics (Mg number 57). Its major and trace element 
compositions appear to be m agreement with its low REE 
abundances.The calculation of the source was based on La, Nb 
and Ba contents of sample 5 and Ce-Nd relationship (Eigure 
35A) where it falls in the range of chondrite ratio. By 
using the equation 0^/0 -1 E, when D=0 (Hanson 1980), where 
^ ^ L o 
D=bulk distribution coefficient, C =concentration of the 
element m the melt, C =initial concentration of the element 
m the source and E- fraction of the melt. About 9 percent 
partial melting has been calculated for the sample 5. The 
REE patterns for 1,2,4,6,8, and 10 percents melting of 
modelled source were calculated using the batch melting 
equation and Kd values of Hanson (1980) and assuming a 
Iherzolite (olivine + orthopyroxene + clinopyroxene) mantle 
source consisting originally 55% olivine, 25 orthopyroxene 
and 20% clinopyroxene, leaving a residual mineralogy of 59% 
olivine, 25% orthopyroxene and 16% cl inof>yroxene at 10% 
partial melting of the model source. The assumed melting 
proportion of 20% olivine, 25-c orthopy roxene and 55% 
clmopyroxene (after Hanson 1980) was used for calculation. 
The REE patterns for 10%, 8%, 6%, 4%, 2% and 
1% melting of model source are shown m figure 44A. It is 
evident that the calculated patterns match very well with 
those of samples of Bayana volcanics (Figure 44B). The 
calculations indicate that all the samples even high-K 
samples of Bayana volcanics have been generated from similar 
source(s) by varying degrees of melting (1% to 10%) and 
subsequent fractional crystallization. 
Fractional crystallization 
In Bayana volcanics the general geochemical 
variation does not define a consistent trend from basal to 
upper flows. However, the lack of differentiation related 
interflow trend is not an evidence to consider that their 
magmas have not undergone fractional crystallization at all. 
The positive relationship between teu and various 
incompatible elements (Figure 45) suggests that atleast the 
processes that controlled the abundances of these elements 
remained same during whole period of magmatism (Ahmad and 
Bhat 1987) . 
In order to evaluate the effect of fractional 
crystallization, an index, that is relatively insensitive to 
crustal contamination processes, can be considered. In 
basaltic melts, such an index is the Mg number (Cox and 
i 4 ] 
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Figure 44 Chondrite normalised REE patterns of the 
calculated source for sample 5, assuming it 
represents 9 percent partial melting. Calculated 
REE patterns for 1,2,4,6,8 and 10 percent of 
the melting of the source (A) are compared with 
REE patterns of actual samples 1,5,8,11,17 and 
20 (B). The mantle mineralogy and melting 
proportions are after Hanson (1980). 
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Hdwkesworth 1984). Large variation in Mg number ('*'20 to 
70) and also m Ni, Cr and Sr contents are some of the 
features of Bavana volcanics which suggest that they have 
evolved through fractional crystallization from a more 
primitiv'e magma. 
Baragar and Scoates (1987) and Halden (1991) 
used MgO/CaO ratio as a measure of evolutionary history of 
the komatiite-tholeiite suite in the Circum-Superior belt. 
These authors considered that during fractional 
crystallization the CaO increases with separation of 
olivine and decreases with fractionation of clmopyroxene. 
They interpreted MgO/CaO ratio of about 1 as the point at 
which the clmopyroxene appears on the liquidus. The data of 
Bayana volcanics are plotted in MgU/CaO versus TiO^ and FeO 
variation diagrams (Figure 46). The plots demonstrate that 
the variation of MgO-CaO with TiO^ and FeO is consistent 
witli fractionation of olivine and cl mopyroxene. The 
fractional crystallization of olivine and clmopyroxene is 
also evident m figure 8^ where Al-,0-,'TiO., and CaO/TiO^ 
ratios of these rocks are plotted against their TiO^ 
contents. In these diagrams the Bayana volcanics show 
limited variation of CaO/TiO-, and Al^O^/TiO^ ratios, 
consistent with dominant olivine and clmopyroxene 
fractionation m these rocks. 
To further assess the role of fractional 
146 
o 
u. 
O 
MgO/CoO 
Figure 46 MgO/CaO versus Ti02 and FeO plots 
(after Baragar and Scoates 1987) of 
Bayana volcanics suggesting combined 
effect of olivine and clinopyroxene 
involvement in their evolution. 
Arrows indicate fractionation vectors 
for olivine (Ol), clinopyroxene (Cpx) 
and plagioclase (Flag). 
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crystallization m evolution of Havana volranicfo, we w]11 
'urther explore the 1Fe]-[Mg] diagram (Figure 37). In thi& 
diagram all the samples of Bayana volcanics plot outside 
even 1-atm melt field for pyrolite. The spread and 
enrichment of I Fe] suggest that the Bayana volcanics have 
been generated from mantle source(s) with higher and 
variable IFe/Mg] ratio than pyrolite. The overall pattern of 
trends shown by Bayana volcanics in this diagram is also 
consistent with predominance of clinopyroxene fractionation 
in addition to olivine and plagioclase. However, the absence 
of Eu anomalies m REE patterns of these rocks (Figure 4^) 
does not support the fractionation of plagioclase. 
Data m this study are also plotted m 
(Fe+Mg+Mn)/Zr versus Si/Zr variation diagram (Pearce 1968). 
The positive relationship, as observed in the diagram 
(tigure 47) is consistent with dominant clinopyroxene and 
olivine fractionation . It is also evident m this diagiain 
that plagioclase role was insignificant during the evolution 
of these rocks. 
The relationship between incompatible 
elements Zr, Y and Ti have been found very useful to 
understand the role of fractional crystallization in the 
evoiution of basaitic meits (Pearce and ^orry 1979). Zr, Ti 
and Y contents of Bayana volcanics are plotted against each 
other in figure 48. The increasing trends of TiO,, and Y with 
14" 
Figure 47 Si/Zr versus (Fe+Mg+Mn)/Zr cation ratio 
diagram (after Pearce 1968) suggesting 
that clinopyroxene has played a major role 
in the evolution of Bayana volcanics. 
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Figure 48 Zr versus TiO and Y variation diagrams 
(after Pearce and Norry 1979) of Bayana 
volcanics suggesting distinct combination of 
olivine and clinopyroxene or olivine-clino-
pyroxene-plagioclase as crystallizing phases 
in different proportions. Indicated fractio-
nation phases are after James et al. (1987), 
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incri^asinq Zr sugqent distinct combinations of olivine and 
c 11 nopy roxene or f)l ivi nc-piagioc iase-cl i nopyroxene as 
crystallizing phases m different proportions. The positive 
relationship between Zr and TiO-, (Figure 48) indicate that a 
Ti- bearing mineral has not been a fractionating phase in 
Bayana voicanics. This is due to the fact that, when a Ti 
bearing phase begins to crystallize, the removal of Ti 
results in severe decrease m Ti'Zr ratio (Watters and 
Pearce 1987).This is also indicated by high contents of Ni 
and Cr in these rocks. The fractionation of a Ti-bearing 
phase would drastically lower Cr and Ni contents of the melt 
because of higher values of Kd for these elen\ents (e.g. Kds 
Ni and Cr for magnetite are 29 and 153 respectively: Dostal 
et al . 1983) . 
In Zr-Xi diagram (Figure 49) the Bayana 
voicanics form a major trend and one subtrend, suggesting 
fractionation of c 1 i nopyroxene and olivinf- in different 
proportions. 
The data m this study are also plotted m a 
series of diagrams m which incompatible trace element 
ratios are plotted against incompatible trace element 
concentrations (Figure 50: Nb TiO.j-Kb; Nb'Y-Nb; Zr/Y-2r) and 
compatible trace elenif^ nt abundances (Figure 51: Nb Zr-
Cr;Nb•Y-Ni). In these plots the variation in ratios as well 
as in the elemental abundances would reflect varying degree 
200 
200 
Figure 49 Zr versus Ni variation diagram of 
Bayana volcanics suggesting fraction-
ation of clinopyroxene (Cpx) and 
olivine (01) in different proportions. 
Fractionation vectors are after James 
et al. (1987). 
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of partial meJtinq and these variation would give rise to a 
positive trend m figure 50 and negative trend in figure 51. 
On the other hand,fractional crystallization is not expected 
to cause any significant change m the ratios (Cox et al. 
1979; Pearce and Norry 1979). However, with increasing 
degree of fractional crystallization an increase m 
abundances of incoinpatible elements ( m figure 50) and 
decrease m abundances of compatible elements (in figure 51) 
are expected (Allegre and Minster 1978). In this manner such 
plots have been found very useful to evaluate petrogenesis 
of basaltic rocks (Abu-Hamatteh 1994). 
In these plots large variation m 
incompatible element ratios, of Havana volcanics is 
observed. Such variation can not be produced through 
fractional crystallization and can be resulted only through 
variable degree of partial melting (Hanson 1980). However, 
the spread of plots, particularly m figure 51, probably 
reflect the role of fractional crystallization in the 
evolution of melts produced by variable degree of partial 
melting. 
Khetri Amphibolites 
The chemical data indicate that the 
amphibolites of Klietri belt are basaltic rocks with a 
composition transitional between tholeiite and caIc-alkalme 
rocks and that thev have similar chemical chiaracteristics to 
IdVas which are found on subductiori related tectonic 
settmqs. Since small number of samples are analysed for 
HFSE, other trace elemerts and REE and that the major 
element compositions are not reliable due to their 
metamorphosed mineralogy, the process of determining the 
origin of these rocks is difficult. Therefore, our 
discussion on the petrogenesis of these rocks is limited and 
only important petrogenetic aspects are considered. 
In absence of enough trace element and REE 
data on these rocks, no meaningful trends are expected m 
variation diagrams involving these elements. Therefore, we 
have used only the HFSE and REE concentrations and their 
ratios. 
Like Bayana volcanics, incompatible trace 
elements and REE abundances of the Khetri amphibolites 
suggest their enriched nature which may be considered either 
due to crustal contamination of magma derived from a 
depleted source or their derivation can be considered from 
an enriched source. The present geological framework of 
these rocks suggests that probably their melts were emplaced 
in a continental setting. In such a situation there are 
chances of crustal contamination of mantle derived melts 
which may become enriched during ascent through the 
continental crust. To assess the source characteristics of 
these rocks their incompatible ele[i\ents, RFE and their 
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ratios are discussed m the following paragraphs : 
Incompatible element ratios Nb/La and Nb/Ce 
have been used to evaluate the effect of crustal 
contamination of rock chemistry (Ahmad and Tarney 1991) of 
basaltic rocks, by comparing these ratios with those of 
primordial mantle and continental crust. Nb/La (0.34) and 
Nb/Ce (0.20) ratios of Khetri amphibolites are not only very 
low compared to those of PM (1.02 and 0.40 respectively, 
Taylor and McLennan 1985; 1.04 and 0.40 respectively, Sun 
and McDonough 1989) but are also lower than average bulk 
crust (0.69; 0.33 respectively ), average lower crust (0.54, 
0.26 respectively) and average upper crust (0.83, 0.39 
respectively) of Taylor and McLennan (1985). Such lower 
values of Khetri amphibolites can not be produced by process 
of contamination by an average crustal component (Ahmad and 
Tarney 1991). Another contaminant may be Archaean rrust 
which displays a much larger Nb anomaly (Weaver and Tainey 
1984; Ahmad and Tarney 1991). However, it has been observed 
that more silicic components of Archaean crust normally 
have positive Eu and Sr anomalies. However, Khetri 
amphibolites have large negative Sr anomalies in MORE and PM 
normalized patterns. In REE patterns the negative Eu 
anomalies displayed by Kolihan samples and positive Eu 
anomalies by Madhan -Kudhan samples might have been 
developed as a consequence of alteration (Sun and Nesbitt 
157 
1978) . 
Another important ratij which can be used to 
ass6iss the effect of crusta i ^^ nt aniinat ion on the chemistry 
of these rocks is Ce/Yb ratio. It has been observed (Francis 
et al. 1983; Ra3amani et al. 1989) that Ce/Yb ratio is not 
affected largely by AFC during evolution of basaltic melts. 
For example m the basaltic rocks of Proterozoic Cape Smith 
belt of Northern Quebec, which are related by AFC, the Ce/Yb 
ratio ranges only between 3.84 and 3.94 from olivine phyric 
to plagioclase phyric basalts. The Ce/Yb ratio m Khetri 
amphibolites ranges from 34.95 to 68.81. This large 
difference can not be explained by AFC but suggest 
different extent of low percentage of partial melting, a 
process which can cause large variation in Ce/Yb ratio 
(Hanson, 1980). Therefore, the high Ce/Yb ratios of Khetri 
amphibolites appear to have been derived from the source due 
to different extent of partial melting. 
Another process which can cause an increcase 
m the Ce/Yb ratio is the fractional crystallization. The 
concentration of Ce m these rocks is about 40-80X 
chondrite m Kolihan samples and 40-70 X chondrite m 
Madhan-Kudhan samples. To cause about four fold increase in 
Ce, extreme fractional crystallization ( ,>• 751) mvolvjuq 
clmopyroxene is required (Ahmad and Ra^amani 1991). 
Howe\er, Naiur and trace element data do not appear to 
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suggest that these rocks have suffered such extreme 
fractional crystallization. This suggests that Khetri 
amphibolites have been derived from a variably enriched 
source through different extent of partial melting. 
Nb and La have almost similar Kds during 
partial melting of peridotite and thus the ratio of these 
elements would be ideal to monitor the variation m the 
ratio of LREE and HFSE in the source region (Holm et al. 
1992). The La/Nb ratio of Khetri amphibolites ranges from 
1.58 to 9.26 and averages at 4.92. These values are higher 
than those of MORE (0.85, Pearce 1982) and PM (0.87, Sun and 
McDonough 1989), suggesting their derivation from an 
incompatible element enriched source. Similarly the La'Ta 
ratios of these rocks (9.27 to 63.86; average 28.51) are 
also higher than those of MORE (15) and PM (17). The higher 
La/Nb and La/Ta ratios of Khetri amphibolites than those of 
Bdvana volcanics suggest their derivation from a source not 
only more enriched than MORE and PM but also the source of 
Bayana volcancis. 
In subduction related tectonic settings 
partial melting under high PHTO, stablises phases such as 
sphene, ilmenite or rutile \\hich have strong control on HFSt 
viz. Ti, Zr, Nb, Ta and Hf (Saunders et al. 1980; Tarney et 
al. 1981). Therefore, the produced melts are depleted m 
these elements and would be characterised by high La/Nb and 
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La Ta ratios. The high concentrations of LILE m such magmas 
are attjibuted to simultaneous transport of LILE from 
subducting slab during dehydration (Saunders et a]. 1980) or 
subduction of sediments with similar trace element 
characteristics (Hergt et al. 1989). The high Th/Y ratio and 
Nb depletion are stronger m Madhan-Kudhan samples than 
those from Kolihan suggesting that the source region of the 
former probably experienced stronger input of slab derived 
melts or fluids. 
Although LILE/HFSE ratio of Khetri 
amphibolites is high as indicated by their MORE - normalized 
patterns, there is considerable variation m detail m the 
overall distribution of elements Nb, P, Hf, Zr, Ti and Yb 
(Figure 30B). Some of the samples , particularly those from 
Madhan-Kudhan area have louer concentration of these 
elements compared to others which are somewhat enriched m 
these elements. The samples which are enriched in elements 
Ta, Nb, P, Zr, Hf and Ti display their close affinity with 
tholeiitic withm plate basalts . These characteristics may 
be due to the involvement of subcontinental lithosphere in 
their genesis (Pearce 1983). It has been suggested that 
basaltic rocks occurring at or near the continental margin 
are characterised by trace element eniichments that maN 
contain two components i.e. a subduction comjionent and a 
subcontinental lithospheric component (Pearce 1983). The 
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subduction component is characterised by enrichment m LILE 
-*LREE and P and 1 thospheric component contributes the 
greater proportions of the Ce, Sm, P, Nb, Zr, Hf, Ti, Y and 
Yb (Smith and Holm 1987). The variation in Nb, P, Zr, Hf, 
Ti, Y and Yb in the MORB-normalized pattern of Khetri 
amphibolites suggests the involvement of enriched sub-
continental lithosphere in the genesis of these rocks. 
Since no unequivocal evidence is available for involvement 
of any crustal contamination, the precursors of Khetri 
amphibolites appear to have been derived from the melts 
generated in a segment of continental lithosphere overlying 
a Proterozoic subduction zone. 
A remarkable feature of Khetri amphibolites 
IS their relatively low concentration of TiO^ which in some 
of the samples is as low as 0.12 percent and even below 
detection limit. Low TiO-, (<0.5 percent) basalts are 
generally fountj in ophiolitic complexes, island arcs and 
intra-arc basins. On TiO^ versus Al^O-, TiO-, and CaO/TiO--, 
diagrams (Figure 8B) the Khetri amphibolites plot through 
almost the whole field of MORE and extend well into the 
fields of ophiolite and low-Ti high-Mg andesite of island 
arc environment. The high Al^Oo/TiO^j (Average 29) and 
CaO'TiO', (Average 37) ratios in these rocks could not be 
produced by increasing degree of partial melting of mantle 
source of any known composition because with increasing 
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degree of melting these ratios increase only untal they 
rt:;ach the source ratio i.e. about 20 and 17 respectively 
(Sun and Nesbitt 1978). This change m the ratios is shown 
m the figure 8B as MORB field. Therefore the high 
A1-;IOT/TI02 and CaO/Ti02 ratios can not be produced by high 
degree of partial melting. Another possibility may be that 
these rocks have been evolved from a parental melt through 
crystallization of olivine (* orthopyroxene), clinopyroxene 
and plagioclase. Since olivine, orthopyroxene and 
plagioclase have very low Kd for Ti, it should be 
influenced by fractionation of clinopyroxene (Irvine 1978). 
However, the lack of correlation between Mg number and TiO-, 
•suggests that some other process was also involved. 
Fractionation of a Ti-bearing phase can be considered as a 
possible mechanism for such a severe Ti depletion because it 
would drastically lower not only Ti but also the Ni and Cr 
contents of the melt as Kds for these elements are very high 
for such a phase (e.g. Kds Ni and Cr for magnetite are 29 
and 153 respectively, Dostal et al. 1983). 
While increasing trend of TiO,j with Zr m 
Bayana volcanics is consistent with possible fractional 
crystallization of plagioclase / olivine / pyroxene (Figure 
48), the lack of linear relationship of these elements in 
khetri amphibolites is consistent with fractionation of a 
Ti-bearing phase. This feature has been considered as a 
diagnostic feature of calc-aIka1ine rocks (Garcia 1978; 
Donnelly and Rogers 1980; Rogers et al. 1984). 
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CHAPTER SIX 
TECTONIC CONJECTURES 
General St-atement 
Although a general consensus has been reached 
among the geoscientists that the southern part of Delhi fold 
belt has been evolved through Phanerozoic type plate 
tectonic processes (Sychanthavong and Desai 1977; Sinha-Roy 
1988 ; Sugden et al. 1990;Volpe and MacDougall 1990; Yedekar 
et al. 1990; Raza et al. 1993) the tectonic setting of north 
Delhi fold belt copmrising Bayana, Alwar and Khetri basins 
is poorly understood. In various models, the tectonic 
setting of these basins has been interpreted in different 
ways. For example, Singh (1982) and Roy (1990) proposed that 
these basins opened as a system of ensialic grabens arranged 
in three NE-SW trending belts following the closure of 
Aravalli and related rifts. According to these authors the 
Bayana and Alwar basins tapered out towards south but the 
Khetri basin extended upto Gujrat covering the entire axial 
part of Aravalli mountain belt. Sinha-Roy (1988) considered 
the development of northern and southern parts of Delhi 
fold belt under different tectonic conditions and postulated 
that the sedimentary basins of north Delhi fold belt opened 
up as pull apart basins in a N-S trending rifting system, 
the southern boundary of which was bounded by E-W trending 
Sambar-Jaipur-Dausa (SJD) transcurrent fault. This fault 
behaved as a transform fault for the ocean opening in the 
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south Delhi fold belt. Sinha-Roy (1988) also suggested that 
the north Delhi rifting was abo'ted, but the south Delhi 
basin developed into an oceanic trough. Sugden et al. (1990) 
have considered the development of Khetri Copper Belt in a 
back arc tectonic setting. Yedekar et al. (1990) have also 
proposed the evolution of Khetri belt over a Proterozoic 
subduction zone. 
Although the tectonic setting of north Delhi 
fold belt has been interpreted in different ways by 
different authors, the mafic rocks occurring in different 
basins have not been taken into consideration probably due 
to the lack of geochemical data. In the present chapter, the 
geocheroical data corroborated with field evidence are used 
to interpret a possible geodynamic model which could account 
for the geological and geochemical characteristics of the 
magmatic rocks of north Delhi fold belt. 
Bayana Volcanics 
Geochemical data presented in this study 
suggest that the Bayana volcanics are essentially tholeiites 
and that they have remarkably similar characteristics to 
continental flood basalts (CFB) of Proterozoic and 
Phanerozoic ages which erupted on the surface as lava flows 
or emplaced at shallow depths as dyke swarms at the time of 
continental breakup. The geochemical data in combination 
with field evidence also suggest that the Bayana volcano-
16' 
sedimentary sequence was laid down in a rifted basin. 
On the basis of a large body of structural 
sedimentalogical, geochronological and geochetnical data, it 
has been advocated that northwestern Indian shield 
comprising Aravalli Craton bears the stamp of nearly ordered 
Phanerozoic type Wilson cycle events (Sinha-Roy 1988; Deb 
and Sarkar 1990; Sugden et al. 1990; Raza et al. 1993; 
Banerjee and Bhattacharya 1994). Rift related continental 
tholeiites which have been reported from many Proterozoic 
belts of this region (Ahmad and Rajamani 1991; Raza and Khan 
1993; Abu-Hamatteh et al. 1994) appear to be the markers of 
this type of evolution and their study may provide useful 
informations about the mechanism of continental breakup in 
that time and thus may highlight the major features of 
Proterozoic evolutionary history of north Indian shield. 
The rifts are linear depressions which are 
formed under the influence of extensional regimes. If their 
development is not stopped by compressive stresses, they are 
the sites of lithospheric attenuation, continental rupture 
and eventually the generation of new oceans. The ancient 
rifts are best indicator of extensional regimes which 
operated at the time of their origin. The development of 
continental rift system has been described and discussed in 
two ways (Sengor and Burke 1978; Bedard 1985) depending upon 
the mechanism that causes the upward movement of 
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asthenosphere-lithosphere boundary. In the first type the 
riftmg is directly induced by a plume activity resulting m 
domal uplift with the formation of radial rift structure or 
rift-rift-rift triple junctions. In this process the 
upwelling of deep mantle plume causes melting of the mantle 
as well as thinning of lithosphere, eventually leading to 
riftmg (White and Mc Kenzie 1989). This mechanism of rift 
formation, that is termed as "active", produces the 
volcanism that is usually alkaline and predates the major 
taphrogenesis. In another type that is described as 
"passive", the already existing tensional forces, probably 
along the pre-existing weak zones, cause lithospheric 
stretching and attenuation and subsequent adiabatic 
decomposition. The basic magma is produced when the mantle 
temperature exceeds the solidus temperature of mantle 
materials (White and Mc Kenzie 1989). In such a case mantle 
participation is not active, doming is not necessary, magma 
produced has a uniform composition and the resulting 
volcanism postdates the taphrogenesis. It is important to 
determine whether the crustal extension predates, 
synchronous or postdates the volcanism . It would help to 
understand whether the mantle was a passive or active 
participant m rift formation. 
The origin and evolution of Bayana rifted 
basin can be constrained by geochemical characteristics and 
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field occurrences of mafic lavas and the nature of 
sedimentary formations associated with them. Sedimentation 
m this basin started with the deposition of about 200m 
thick unit comprising predominantly of conglomerate with 
quartzite (Singh 1982) which immediately lie on pre-Delhi 
basement (Figure 2A) consisting low to high grade 
metamorphites, gneisses, migmatites, granites and highly 
altered mafic rocks. The basement rocks are tightly folded 
on NE-SW axis (Singh 1982). The basal conglomerate-quartzite 
formation contains abundant well developed cross 
stratification and ripple marks. The deposition of this 
thick conglomerate-quartzite unit directly on the Pre-Delhi 
basement suggests that sedimentation m Bayana basin started 
with the development of rift generated fault scarps. The 
presence of conglomerate-quartzite unit between volcanics 
and underlying basement lithologies is a clear indication 
that crustal extension started well before the volcanism 
(Figure 2B). The crustal extension continued even during the 
volcanism, is evident from occurrence of sediment beds 
withm the volcanic pile. 
The unconformity between the volcanic pile 
and overlying sediments suggests that the basin was 
subjected to uplift after the volcanic episode . The 
continuation of extensional regime even after peak volcanism 
IS apparent not only m Bayana basin but also m Alwar basin 
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as indicated by occurrence of faults which cut the entire 
volcanic sequence and probably the older rocks. Furthermore, 
the development of fissures along northeasterly trending 
deep seated structures (Baner^jee and Singh 1977), which 
occur parallel to the Aravalli folding (NE-SW), suggest that 
stretching and subsequent riftmg followed the older 
structures of the area. This is also evident from the trends 
of boundary faults of Bayana rift, and most of the other 
fauli-s m the region which are mostly northeasterly trending 
and coincide well with pre-Delhi fold trends and othf^ r 
lineaments of Aravalli mountain belt. The Bayana volcanics 
can be considered to have been erupted m a tensionally 
induced riftmg environment as suggested by geochemical and 
field evidences, which are summarised below: 
1. Relative timing of riftmg and volcanism indicate a 
riftmg process initiated m response to tensional forces 
applied to lithosphere causing its stretching and 
attenuation. 
2. Formation of rifted basins along general strike of 
Aravalli mountain belt suggests arrangement of igneous 
activity along pre-existing weak zone. 
3. Eruption of only tholeiites throughout the volcanism does 
not support plume hypothesis. 
4. Geochemical characteristics as discussed m previous 
chapters are not compatible with the eruption of mafic 
16^ 
flows und' r the influence of a hot spot or plume. Fui 
evidence is provided by their Nb/Zr and Nb'La ratic^. 
Nb/Zr ratios of tholeiites and high -K basalts of Bayana 
basin average at 0.09 and 0.07 respectively. These values 
are considerably lower than those of plume related lavas 
(e.g. Tristan de Cunha Nb/Zr=0.26; Hawkesworth et al. 
1992). Similarly Nb/La ratio of Bayana volcanics (average 
0.65) are considerably lower than those of plume related 
baslats (average ,-^ 1.2, Hawkesworth et al. 1992). 
Therefore, low Nb/Zr and Nb/La ratios of Bayana volcanics 
even those of high-K samples do not suggest any evidence 
of involvement of typical plume related OIB in their 
genesis. 
In absence of plume activity it would appear 
that the Bayana volcanism is the consequence of tectonic 
processes. Although some thermal problems have been pointed 
out m generating large volumes of magma solely by extension 
(Latin and White 1990)^most calculated geotherms (Gallagher 
and Hawkesworth 1992; Hawkesworth et al. 1992) indicate that 
continental basalts may be generated m subcontinental 
lithosphere by partial melting of hydrous peridotites even 
without the involvement of mantle plume. In this way the 
melting within the subcontinental lithosphere may take place 
in response to extension and relatively small increase m 
temperature. 
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In this manner both geochemical and 
geological evidence are in accordance with a model for 
eruption of Bayana volcanics m which they were erupted 
during a period of crustal extension. The magma appears to 
has been derived from an enriched lithospheric source and 
evolved tholeiitic in nature similar to those erupted 
recently as continental flood basalts. The volcanism ceased 
abruptly after producing a maximum of 1000 m thick lava 
sequence but followed by the filling of the basin with 
continentally derived sediments m a fluviatile sedimentary 
environment. Therefore, the volcanism is anologous to the 
volcanic activity associated with failed rifts connected 
with middle Proterozoic continental breakup. 
Khetri An^hibolites 
The geochemical characteristics of Khetri 
amphibolites as discussed m previous chapters, in terms of 
major , minor, trace and rare earth element concentrations 
and their ratios, suggest that they have some 
characteristics akin to those of subduction generated 
magmas. Important geochemical characteristics are their 
tholeiitic-calc alkaline affinity and enrichment of LREE and 
LILE relative to HFSE. The enrichment of LREE and LILE 
relative to HFSE in subduction related magmas is attributed 
to stabilization of HFSE bearing phases such as rutile, 
ilmenite and sphene under hydrous partial melting and 
simultaneous transfer of LILE through fluids and melts 
released from dehydration of subducting lithosphere 
(Saunders et al. 1980). The continental basalts also display 
enrichment of LILE and HREE relative to HFSE, although the 
level of abundances of these elements may be high and Nb-Ta 
anomalies less prominent. The high ratio of LILE/HFSE m 
Khetri amphibolites relative to Bayana volcanics is evident 
from figure 33>in which MORE - normalised values of these 
elements are presented m the form of spidergrams. In case 
of continental tholeiites, as discussed in previous chapter, 
these characteristics are explained by employing the 
enrichment of their source region through fluids and / or 
melts rising either from deeper part of the mantle or under 
the influence of earlier subducted slab (Brooks et al. 1976; 
Jordan 1978; Kyle 1980; Mensmg et al. 1984; Alibert 1985). 
In this manner it becomes very difficult to determine 
whether the source was contaminated at the time of 
generation and emplacement of magma in a subduction related 
tectonic setting (Saunders et al. 1980) or the magma was 
derived from a subcontinental mantle source which had been 
geochemically modified during earlier subduction episode 
when sediments are also likely to have been dragged down and 
mixed with subcontinental lithospheric mantle (Hergt et al. 
1991). 
To identify the subduction signature m the 
chemistri of the Khetri amphibolites or otherwise, we will 
further axplore the geochemical data . When compared with 
Bayana continental tholeiites the Khetri amphibolites 
display following significant differences. 
1. Lower concentrations of HFSE including Zr, Y, Nb, Ti 
(Figure 30B) and also low Ti/Y ratios. 
2. Lower concentration of transitional elements Ni, Cr, Co, 
Sc, and V suggesting their more differentiated nature. 
3. High concentration of LILE such as K, Th, U and Ba. 
4. The La/Nb ratio (representing LREE/HFSE ratio) of these 
amphibolites are generally > 2 (except 1.58 of the sample 
87) and averages at 4.92 . On the other hand» the La/Nb 
ratios of Bayana continental tholeiites are < 2 and 
averages at 1.39. The average Y content of Bayana 
volcanics is 23 ppm on the other hand Y content of Khetri 
amphibolites averages at 17 ppm . It has been observed 
that subduction related basaltic rocks generally have 
La/Nb > 2 and Y < 20 ppm and basalt erupted in 
extensional tectonic setting have a La/Nb < 1.00 and Y 
20 ppm (Thompson et al. 1983; Lees et al. 1987; 
Winchester et al. 1987). 
5. The extremely high Al20n/TiOT and CaO/Ti02 ratios. Such 
higher ratios can not be produced by variable degree of 
partial melting of Iherzolite source (Sun and Nesbitt 
1978; Sun et al 1979). This suggests that the source of 
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amphibolites was extremely depleted m Ti probably by 
previous volcanic episode or Ti behaved as compatible 
element during evolution of magma. 
The differences m the mantle source 
characteristics of the Bayana volcanics and Khetri 
amphibolites can be assessed using incompatible element 
ratios. Th/Yb and Ta/Yb ratios of these rocks are plotted in 
figure 52. In this diagram processes of mantle enrichment or 
depletion, which are not related to the subduction zone and 
include even fractional crystallization and partial melting 
effects are represented by a vector (W) with slope of unity. 
Two other vectors S and C, which are subvertical, represent 
enrichment of the mantle wedge above subduction zone and 
crustal contamination respectively. In this diagram the 
Bayana volcanics and Khetri amphibolites clearly separate 
out from each other. The plots of Bayana volcanics follow 
vector W and lie m the field of non arc basalt and suggest 
that these volcanics have been derived from a withm plate 
enriched source. On the other hand, the plots of Khetri 
amphibolites cluster separately in the field of arc basalt 
and follow vectors S and C. The plots of Khetri 
amphibolites above those of Bayana volcanics may be 
attributed either to crustal contamination or subduction 
related metasomatism as indicated by vector C and S 
respectively. However, the former interpretation is unlikely 
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Figure 52 Ta/Yb versus Th/Yb plot for Bayana volcanics and Khetri 
amphibolites (after Pearce 1982, 1983), vectors represent 
variation expected for W = Within plate enrichment/ 
depletion; S = Subduction related metasomatism; C = Crustal 
contamination; f = Fractional crystallization. D= Primordial 
mantle (Pearce 1983). 
because no significant effect of contamination is found on 
the chemistry of these rocks as discussed m chapter five. 
The remaining interpretation is that the melts of Khetri 
amphibolites have been produced from a source which was 
enriched through subduction related metasomatism. 
To understand the tectonic setting of Khetri 
amphibolites more objectively, the similar rocks of south 
Delhi fold belt can be considered . The amphibolite bodies, 
representing mafic sills and larger bodies of mafic igneous 
rocks are extensively found in calc-schists, cal-gneisses, 
limestones and pelite schists of Ajabgarh Group occurring to 
the south of Ajmer. Some amphibolitic sills, large 
intrusions and metavolcanics of south Delhi fold belt have 
geochemical signatures that have been called subduction 
related (Volpe and MacDougall 1990; Raza et al. 1993). 
Present study suggests that the amphibolites of Khetri belt 
that appear to be a northward extension of amphibolites 
bearing Ajabgarh sequence of south Delhi fold belt (Singh 
1988; Roy 1990) also have a geochemical signature that can 
be called transitional calc-alkalme or subduction 
generated. A close similarity of Khetri amphibolites and 
equivalent mafic rocks of south Delhi fold belt m terms of 
trace elements is evident in figure 32. In this diagram the 
Khetri amphibolites and similar rocks of Delhi fold belt 
display a close affinity with volcanic arc of continental 
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margin. 
The occurrence of Khetri amphibolites as 
sills with their subduction related chemistry is m 
accordance with the suggestion of Tarney et al. (1981), that 
such igneous rocks are common m back arc basins, perhaps 
because of irregular spreading process or rapid filling. 
These features are compatible with the model of Smha - Roy 
(1988) and Sugden et al. (1990) who postulated the 
deposition of Delhi rocks of south Delhi fold belt in a back 
arc basin. The development of Khetri belt m a subduction 
related setting is also speculated by Sugden et al. (1990), 
Yedekar et al. (1990) and Ray (1992). If Khetri amphibolites 
were emplaced in a back arc basin, it appears that this 
basin was developed on a continental crust and could not 
evolve upto an advance stage of riftmg in which ocean type 
crust IS formed m back arc basins. In such a situation the 
basaltic rocks would characterize by trace element 
enrichments which may contain two components (Pearce 1983), 
I.e. a subduction component and a lithospheric component 
(Figure. 30) . High LILE, and LREE and low HFSE with large 
variation m Nb values (2 ppm - 13 ppm) in Khetri 
amphibolites suggest the presence of both types of 
components in their chemistry. The source related 
enrichment of LILE, LREE (Figures 28 and 53) and development 
of calc-dlkdlme tendency m Khetri amphibolites (Figure 23) 
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are typiCdl of ensialic ba&ms foimed over &ubduction zones 
(Saunders and Tariiey 1984). 
The occurrence of ophiolitic sequence (Phulad 
Ophiolite; Gupta et al. 1980), subduction related lavas and 
intrusions (Volpe and MacDoughall 1990), fragments of higher 
pressure grospydite (Sychanthavong and Merh 1984) m south 
Delhi fold belt, all suggest the subduction of oceanic crust 
and formation of volcanic arc m that part of Delhi fold 
belt and that the terminal collision occurred with 
emplacement of ophiolitic sequences. The site of collision 
IS now represented by tectonic contact between Aravalli and 
Delhi Supergroups (Smha -Roy 1988; Sugden et al. 1990 
Yedekar et al. 1990). Although the Khetri belt appears to be 
a northward continuation of south Delhi fold belt (Naha et 
al. 1984; Singh 1988; Sharma 1988; Roy 1990), the 
lithologies representing ancient arcs and ocean floor are 
not developed so prominently as in the case of south Delhi 
fold belt. However, the absence or paucity of ophiolitic and 
related sequence is not a generally applicable criteria to 
identify the ancient suture zones (Wmdley 1992) . This is 
due to the fact that ophiolites are not found all along the 
length of a suture but occupy only parts of it (e.g. 600 Km 
along 3000 Km length of Indus suture of Himalaya : Wmdle^^ 
1992). One reason for this may be that the colliding margins 
are not always parallel and along the parts where they are 
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parallel the chances of ophiolitic emplacement are less. The 
same may be applied to the north Delhi fold belt. However, 
it IS clear that the Khetri ba&m was at a considerable 
distance from the arc as indicated by paucity of volcanic 
rocks (Sugden et al. 1990) and signature of subcontinental 
lithosphere m the chemistry of amphibolites. With all 
probablities it appears that the sedimentary accumulation of 
Khetri belt are rift basin fill, in which tholeiitic lavas 
with a calc-alkalme tendency was emplaced predominantly as 
sills in a back arc environment (Sugden et al. 1990). The 
occurrence of sulphide deposits in the sedimentary package 
of Khetri belt also favours a back arc basin tectonic 
setting where the necessary conditions i.e. the heat and the 
extensional regime are available for the accumulation of 
such deposits (Vance and Condie 1987). 
Tectonic Evolution of North Delhi Fold Belt 
Interpretation of the tectonic evolution of 
north Delhi fold belt hinges on the following important 
observations. 
1. The Bayana basin volcanics show ma^or, trace and rare 
earth element signatures of within plate continental 
basalts which erupted m an ensialic rifted basin 
probably produced by extensional regime along pre-Delhi 
fold trends. 
2. The Khetri amphibolites are transitional between 
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tholeiite and calc-a1ka1ine basalts with subJuction 
signatures m their chemistry and are likely to have been 
emplaced m a back arc ensialic basin. 
3. Metamorphism and deformation m the north Delhi fold belt 
increase from east to west. Also, the age of granite 
intrusions increases from east (,^^1600 m.y.; Bairat, 
Dadikar, Harsora granites etc.) to west {^.^ 1400m.y.; 
Saladipura, Udaipur, Seoli granites etc.). 
4. The lithologic make-up and depositional history of Khetri 
basin and Alwar-Bayana basin appear to be significantly 
different. For example the proportion of volcanic and 
sedimentary rocks is high m the later and the former is 
more pelagic m nature. 
5. The overall geological features of southern part of 
Delhi fold belt (south of A^mer) suggest that it has been 
evolved through Phanerozoic type plate tectonic 
processes. 
6. Available data on stratigraphy, structure and 
metamorphism suggest the continuity of Delhi fold belt 
from Khetri in the north to near Ahmadabad in south. 
7. Several regional longitudinal fault zones and shears are 
found to run all along the length of Delhi fold belt from 
south to north. 
In vievv of the above considerations it is 
expected that the sedimentary basins of NE Ra^asthan have 
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been formpd m response to the stresses generated by plate 
boundary forces. The forma'ion of Bayana - Alwar rifts was 
probably linked to tectonic processes which operated during 
preceedmg period and were responsible for the opening and 
closure of early Proterozoic Aravalli-Bhilwara and related 
rifts. Therefore, in order to understand the origin and 
evolution of north Delhi fold belt, it is prerequisite to 
understand in first place the early Proterozoic tectonic 
reconstruction m this part of Indian shield . It is 
possible that the extensional regimes, held responsible for 
the formation of middle Proterozoic rifted basin of NE 
Ra^asthan, may have been developed in response to tectonic 
events which were instrumental m closure of early 
Proterozoic Aravalli-Bhilwara rifts m the south. 
It has been suggested that the Archaean 
basement m Aravalli Craton was subjected to rifting at 
about 2500 m.y. (Sugden et al. 1990) with the formation of a 
series of N-S trending ensialic rifts (Raza and Khan 
1993).These rifts are now represented by Udaipur-Jharol, 
Pur-Banera, Dariba-Bhindar, Hindoli-Jahazpur and similar 
belts occurring to the south of Ajmer. The closure of these 
early Proterozoic rifts has been interpreted m terms of 
termination of extensional regime (Smha-Roy, 1988; Sugden 
et al, 1990; Banerjee and Bhattacharya 1994) which caused 
the horizontal shortening resulting in their crushing. 
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Probabl% , m response- of this compressive tectornrs an 
extensional regime initi.ited, resulting m the formation of 
m a m DeJhi basins in the west of Araval 1 i-Bh J J wara belts and 
in the region north of Ajmer where Aravalli and equivalent 
rocks are not unequivocally found. 
Since Bayana and Alwar basins of north Delhi 
fold belt do not extend southwards and appear to be tapered 
just north of Bhilwara belt, it has been suggested (Smha-
Roy 1988) that the southern boundary of N-S trending Bayana, 
Alwar and Khetri basins is marked by a E-W trending fault 
referred to as Sambar-Jaipur-Dausa (SJD) transcurrent fault. 
However, the field evidence for the occurrence of this 
assumed fault is yet to be confirmed. In this model (Sinha-
Roy 1988) Bayana - Alwar basins are considered to have been 
formed as pull-apart basins in response to lateral movement 
along SJD fault which generated extensional stresses m the 
region north of Ajmer. The subduction signatures m the 
chemistry of Khetri amphibolites, as identified in the 
present study, suggest the formation of oceanic crust not 
only in the region south of Ajmer but throughout the Delhi 
belt. Although, the remnants of this oceanic crust are not 
preserved in the north Delhi fold belt it may be represented 
by Phulad ophiolites in the southern part (Gupta et al 1980; 
Sychanthavong and Merh 1984; Volpe and Mac Dougall 1990 ). 
In the nortliern part the oceanic crust probably consumed m 
1R1 
the process of terminal cojlision. The younging of granites 
from about 1600 m.y. in the east (Bairat, Dadikai and 
Harsora) to about 1400 ni.y. m the west (Saladipura, Udaipur 
and Seoli), increase m the grade of metamorphism and 
intensity of deformation from east to west, all suggest a 
possible polarity of subduction towards west. 
1 R? 
CHAPTER SEVEN 
SUMMARY AND CONCLUSIONS 
The Aravalli-Delhi orogen, a major constituent 
of the northwestern Indian shield preserves one of the best 
developed and excellently exposed Proterozoic sequences of 
the Indian subcontinent. In this region alongwith different 
types of metasediments there are widespread occurrences of 
mafic magmatic rocks which represent different volcanic 
episodes of Aravalli history. Although a considerable amount 
of data are available on various aspects of its geology, the 
geochemical study of mafic sequences has not been carried 
out adequately. As a result of this the origin and tectonic 
history of this belt is not perfectly known and 
reconstruction of sequence of geological events is still an 
enigma. This region comprises the Banded Gneissic Complex 
(BGC) of Archaean age (3300-2500 m.y.) and two well 
developed Proterozoic sequences ; the Aravalli (2500-1900 
m.y.) and Delhi (1900-1450 m.y.) Supergroups in order of 
antiquity. While the occurrence of unequivocal Aravalli 
rocks IS restricted to central part of the belt, the Delhi 
rocks occur all along its length forming narrow belt along 
the mam axis and spread over much wider area m the 
northern part. 
The northern part of Delhi fold belt consists 
of three sedimentational domains which are from east to west 
: the Bayana basin, the Alwar basin and the Khetri basin. 
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The first two taper out towards south whereas the third one 
I.e. the Khetri belt appears ^o extend towards south into 
the mam Delhi basin. 
The present study is an attempt to present 
major, trace and rare earth element data on the mafic 
magmatic rocks of Bayana basin and Khetri belt and discusses 
the geochemical constraints on their petrogenesis and 
tectonic settings. However more weightage is given to Bayana 
volcanics. 
In Bayana basin the mafic rocks occur as well 
developed, unaltered, massive, vesicular to amygdaloidal 
basaltic flows which alongwith intercalated shallow water 
sediments attain a maximum thickness of about 1000m at the 
lower part of Bayana sequence. The Bayana sequence is 
metamorphosed only up to lowest grade of greenschist facies 
metamorphism. 
The mafic rocks of Khetri basin (referred 
herein as Khetri amphibolites) occur in the form of 
metamorphosed sheets of dolerites, emplaced as intrusives 
predominantly along the bedding planes of metasediments and 
also as rafts m granites. Field characteristics alongwith 
geochronological data suggest their emplacement during or 
just after the deposition of Ajabgarh sediments. 
Microscopic examination of the thin sections 
of rock samples of Bayana volcanics reveals mineral 
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assemblages and textural relationship of basalts. The 
mineralogy is dominated by pyroxene and plagioclase followed 
by opaques and glass. In some samples secondary minerals are 
also found. Few samples from middle part of these volcanic 
sequences are also characterised by the presence of high-k 
minerals such as orthoclase and microcline. 
The Khetri amphibolites are chiefly composed 
of amphiboles followed by plagioclase, quartz, chlorite 
epidote, calcite and apatite. However, few relict minerals 
such as pyroxene and plagioclase and magmatic features 
including porphyritic and sub-ophitic textures are preserved 
in some relatively less altered samples. 
An evaluation of geochemical data suggest 
that the Bayana volcanics have not suffered any significant 
mobilization of constituent elements. Since Khetri 
amphibolites consist principally of secondary minerals and 
their host sequence is intruded by granites, their major 
elements are not considered reliable. Therefore, the 
reliance is placed only upon immobile trace elements 
including REE. In case of Bayana volcanics also, the results 
and inferences drawn from major element compositions are 
confirmed or otherwise by using immobile trace elements and 
REE. 
Some major observations and inferences based on the 
present investigation are : 
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1- REF patterns of both Bayana voJcanics and 
Khetri amphibolites are regular and similar for all the 
samples in each suite. In general the samples of Bayana 
volcanics show REE enrichment from 40-70 X chondrite for 
LREE and 6-11 X chondrite for HREE, without showing any 
significant Eu anomalies. Their LREE enrichment 3'; 
moderate to strong with (Ce/Yb)n ratios ranging betwet i 
4.04 to 5.15. However, the high-k sample of Bayai, . 
volcanics is more enriched in LREE (177 X chondrit* 
with (Ce/Yb)n ratio 9.71. All samples of Khet) 
amphibolites show strongly enriched REE patterns wil i 
58-132 X chondrite for LREE and 3-7 X chondrite for 
HREE. 
2- Bayana volcanics are classified as tholeiitic basalts o 
the bases of Na-jO + K^O versus SiO^, normative plagiocla;^ > 
versus normative colour index and Al-)Oo content?. 
FeO /MgO versus T1O2, S1O2 and FeO , AFM, and Jensen 
cation diagrams. Their tholeiitic affinity is alf.o 
depicted by immobile trace elements based variatio 1 
diagrams such as Nb/Y versus Zr/Ti02, Zr/P^Oc versus 
Nb/Y, Zr versus P2O5- Zr/P20^ versus T1O2, Nb versus 
T1O2, Ti versus V and YTC diagrams. In most of these 
diagrams Khetri amphibolites also show a tholeiitic 
affinity. However, in FeO /MgO versus T1O2 and YTC 
diagrams these amphibolites appear as transitional 
1 H^ 
between tholeiite and calc-alkalme basalts. 
3- To identify the magma type in terms of tectonic setting 
of these rocks, various discrimination diagrams based on 
immobile elements and REE abundances and their ratios 
are used to get first hand informations. The results 
obtained are confirmed by using MORB and PM-normalized 
spidergrams and trace element ratios of petrogenetic 
significance. The spidergrams, involving PM and MORB 
normalized incompatible trace element abundances and 
ratios of these rocks, are compared with those of 
basaltic rocks from different tectonic settings. Such a 
comparison is also made with similar rocks of known 
tectonic setting from Indian shield. All these 
geochemical parameters suggest that: 
a- Bayana volcanics are essentially tholeiites and that 
they have remarkably similar geochemical 
characteristics to continental flood basalts, 
b- Khetri amphibolites have some characteristics akin 
to those of subduction generated magmas. 
Furthermore, their important geochemical 
characteristics are their tholeiite - calcalkaline 
affinity, enrichment of LREE and LILE relative to 
HFSE. 
4- An assessment of relative importance of petrogenetic 
processes, such as source region mhomogeneities, degree 
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of partial melting , fractional crystallization and 
contamination, in petrogenetic evolution of Bayana 
volcanics reveals the following points : 
a- Trace element data including the REE depict that 
Bayana volcanics are enriched in nature, 
b- Petrogenetic modelling in terms of [Fe]-[Mg] 
variation suggests derivation of magma from non-
pyrolite source!s) with variable but enriched 
[Fe/Mg] ratio than pyrolite. This variation also 
highlights the effective role of partial melting in 
the evolution of these melts, 
c- Relationships between trace element abundances and 
their ratios such as Ce/Yb and Zr/Y, Y/Nb and Zr/Y, 
Ce and Nd, La and Ce, La and Th and others strongly 
suggest that the enriched nature of Bayana volcanics 
is not due to contamination but reflects the 
characteristics of their subcontinental lithosphere 
source(s) characteristics. 
d- Incompatible element ratio patterns, in which the 
ratios of rocks are normalized by similar ratios of 
PM, suggest their derivation from an enriched source 
and strongly discount any significant role of 
crustal contamination. 
e- Relative high T1O2 and FeO contents and abundances 
of incompatible elements in Bayana volcanics suggest 
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that their source region was metasomatized through 
the process of melt phase enrichment. However other 
characteristics such as high Ce/Yb and Nb/Zr ratios 
relative to those of PM suggest that the CO^ and H2O 
rich fluid phase has also played a role, 
f- The negative trend in Cr versus La and Yb diagrams 
indicate residual clinopyroxene during their source 
melting. 
g- REE modelling suggests that all the samples even 
high-K sample of Bayana volcanics have been 
generated from similar source(s) by variable degree 
of partial melting probably below 10 % partial 
melting. 
h- Clinopyroxene and olivine probably were the major 
fractionating phases. 
5- The discussion on the petrogenesis of Khetri 
amphibolites suggests the following : 
a- Like Bayana volcanics, the Khetri amphibolites are 
geochemically enriched m LILE including Th and REE 
which may be considered either due to crustal 
contamination of the magma or by melting of an 
enriched source, 
b- HFSE and REE ratios such as Nb/La, Nb/Ce, Ce/Yb, 
La/Nb and La/Ta and their variations are not 
compatible with the possibility of crustal 
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contamination and ovprwheIm:ngly indicate that the 
compositional characteristics have been inherited 
from their metasomatised mantle source, 
c- Although LILE/HFSE ratio of these amphibolites is 
high, there is considerable variation m details m 
the overall distribution of elements Nb, P, Hf, Zr 
and Ti, samples from Kolihan are enriched in these 
elements than those from Madhan-Kudhan area, 
suggesting the involvement of subcontinental 
lithosphere m their genesis, 
d- The overall variation in LILE, REE and HFSE suggest 
that the magmatic precursors of Khetri amphibolites 
have been derived from the melts generated m a 
segment of continental lithosphere overlying 
Proterozoic subduction zone, 
e- High AI^O-J/TIOT and CaO/TiO-, ratios and some other 
characteristics of Khetri amphibolites suggest their 
possible generation from a melt produced by 1 ovv 
degree of partial melting followed by possible 
fractionation of clmopyroxene, olivine and Ti-
bearing phase. 
6- Although both of the studied suites are enriched m LILE 
and REE with distinct negative Nb, Sr, P and Ti 
anomalies, the Khetri amphibolites display the following 
significant differences when compared with Bayana 
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voJcanics ; 
a- Lowf concentrations of IirSE including Zr, Y, Nb, 
Hf, Ta and Ti and also Th'Y ard Ti/Y ratios, 
b- Lower concentrations of transitional elements Ni, 
Cr, Co, Sc and V suggesting their more 
differentiated nature, 
c- Higher concentrations of LILE such as K, Th, U and 
Ba. 
d- Higher La/Nb ratios {>2) together with low Y 
contents (averrage 17 ppm) which correspond to 
subduction generated magmas. On the other hand, 
La/Nb ratios (<2) and Y contents (average 22 ppm) of 
Bayana volcanics match with those of basalts of 
extensional tectonic setting, 
e- An assessment of source characteristics using Th/Yb, 
Ce/Yb and Ta 'Y'b ratios suggests influence of 
subduction component on the source of Khetri 
amphibol1tes. On the other hand, Bayana volcanics 
appear to have been derived from a within plate 
enriched source, 
f- MORB-normalized patterns of Khetri amphibolites 
match well with those of similar rocks of south 
Delhi fold belt which are considered sunduction 
related by earlier workers. 
7- The origin of Bayana basin is constrained by geochemical 
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data corroborated with field evidence .ib summarised 
t e]ow : 
a- Related timing of sedimentation and volcanisro 
indicates that the riftmg process initiated m 
response to tensional forces applied to lithosphere 
causing its stretching and attenuation well before 
the volcanism. 
b- Crustal extension continued even during the 
volcanism. For a short period basin was subjected to 
uplift after volcanism. 
c- The volcanism occured along pre-existing weak zones 
which followed the general strike of Aravalli fold 
belt, 
d- Both geochemical characteristics and field evidence 
are not m favour of plume tectonic setting for the 
Bayana volcanism instead it appears to has been 
manifested as a consequence of tectonic process, 
e- Bayana volcanic activity is analogous to those which 
are associated v*ith failed rifts, connected with 
middle Proterozoic continental breakup. 
8- The above mentioned observations and inferences, 
together with informations available on regional geology 
of the region, are used to conjecture the evolution of 
northern part of Delhi fold belt. However, the 
interpretations are necessarily tentative and require 
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more data for confirmation and refinement. 
It IS suggested that the sedimentatlor of 
Delhi Supergroup started in a series of rifted basins formed 
m response to tectonic events which were instrumental m 
closure of early Proterozoic Aravalli-Bhilwara rift system. 
Although Bayana and Alwar rifts were aborted, the mam Delhi 
basin evolved upto ocean stage covering the entire length of 
Aravalli mountain belt. The subduction of this oceanic crust 
was likely to be initiated towards west. The Khetri basin 
appears to has been developed on an ensialic crust over 
Proterozoic subduction zone. Subsequently the oceanic crust 
was consumed m the process of terminal collision m the 
northern part of the belt but its remnants are excellently 
preserved m the main Delhi basin and are now exposed as 
Phulad ophiolites m the region south of Ajmer. 
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Table 1. Lithostratigrap^ic sajccession of Bayana basin (After Hacket 1877, 
1881; Heron 1917; Singh 1977, 1982) 
Group Fomation Member 
Delhi 
Sv^ aergroup 
Ajabgarh 
Alwar 
Weir 
Kushalgarh 
Disconfomaty 
Damdana 
Bayana 
Badalgarh 
Jogijxira 
Jaha ]-Gov 1 ndpur a 
Volcanics 
(Bayana volcanics) 
Nithar 
lakhanpur Sandstxjne 
Kanawar Quartzite 
Umraind Conglomerate 
Mahloni Conglomerate 
Mor Talab Quartzite 
Alapuri Quartzite 
Bagram Sandstone 
Quartzite 
Sita Conglomerate 
Upper 
Middle 
Lower 
Quartzite 
Conglomerate 
Unconformity 
Pre-Delhis Schist, phylli te, 
quartzite and mafic 
rocks 
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Table 2. Generalised lithostratigraphic succession of Khetri Copper Belt 
(After Roychowdha-y et al. 1968). 
Intrusives 
(Post Delhi) 
-Quartz veins, etc. 
-Thin aiTf^ibolite dyke (original dolerite). 
-Pegrtetites and quartz veins. 
-Granite gneisses, hornblende-granite. 
-Pegmatitic granite, aplite etc. 
-Arrphibolites (metamorphosed basic igneous rocks). 
Delhi 
Supergroup 
Ajabgarh 
GroL^j 
Alwar 
Group 
-Marble, Calc-gneiss, arrphibolite and arrphibole quartzite 
-Massive quartzites. 
-Schist rich in chlorite, biotite, garnet, staurolite, 
kyanite,sillinBnite and andalusite. 
-Phyllites, Carbonaceous phyllite, fiiyllitic quartzite. 
Gradational contact 
-Actinolite itBrble, airphibolite and arrphibole quartzite; arkosK 
quartzites, quartzites and intercalated schists and phyllites. 
Basement not exposed 
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Table 3. Major e l e a t n t abindances h n weight percec t ) and e lenen t r a t i o s of Bayana voJcanics . 
Saiple nuBiberl 1 | 2 i 3 | 4 | 5 | 6 | 7 | 8 | <) | 10 | 11 | 12 
Field Dusber | M | i-2 | K-4 | K-S | hi | KR-l ) Ke-4 | 8E-5 | KE-9 | Kl-6 | Kl-3 | Kl-8 
SiOj I 50.76 I 51.43 | 52.51 | 50.63 | 50.13 | 51.11 | 51.15 | 50.94 | 51.36 | 50.62 | 50.60 | 50.65 
T1O2 I 1.33 I 1.56 I 1.45 I 1.38 | 1.34 | 1.76 | 2.31 | 1.46 | 1.32 | 1.06 | 1.32 | 1.33 
M2O3 I 11.95 I 10.29 I 9.46 1 10.82 | 14.84 | 10.13 | 9.42 | 9.88 | 9.64 | 11.06 | 9.96 | 10.79 
FeO^ I 14.17 I 14.03 | 13.79 | 14.36 | 11.69 | 14.72 ] 15.81 i 14.16 | 13.78 | 14.53 | 14.71 | 15.09 
MgO I 8.70 I 9.88 | 7.36 | 10.55 | 7.33 ( 9.28 | 7.18 ( 10.26 | 9.60 | 9.71 ( 10.87 ( 10.43 
CaO I 8.61 I 8.61 i 9,36 i 9,70 | 7,08 j 9,82 | 8.43 | 8,04 | 10,26 | 7,66 | 10.47 | 8,00 
liajO I 1,64 I 1.70 I 2.46 | 1.66 | 2.05 | 2.08 | 1.91 | 1.28 | 1.98 | 1.64 | 1.69 | 1.67 
FjO I 0.90 I 0.76 I 0.81 | 1.15 | 0.56 | 0.72 | 0.64 | 0.52 i 0.48 | 1.55 | 0.74 | 0.66 
P2O5 I 0.16 I 0.15 I 0.17 I 0.17 I 0.42 | 0.19 | 0.15 | 0.13 | 0.13 | 0.23 i 0.16 | 0.14 
HnO I 0.22 I 0,22 | 0.22 | 0.23 i 0.23 | 0.20 | 0.23 \ 0.21 | 0.21 | 0.22 | 0.23 | 0.23 
I I I I . 1 I I I i . . 1 I I 
I I I I I I I I I I I I 
LCI I 1.02 I 1.42 I 1.17 I 2.19 | 2.02 ] 2.78 | 1.98 I 1.27 | 1.34 | 1.6C | 1.92 | 1.13 
- -- I I - I 1 . . I . 1 I I I I I I 
Hg No I 57 I 65 i 53 | 61 | 5? j 57 j 45 | 61 | hi | 59 | 61 | 59 
CaC/AliOi I 0.72 | 0.84 i 0.99 | 0.90 | 0.48 | 0.97 | 0.8? ( 0.81 i L P s | 0.69 | 1.05 | 0.74 
Ilg0/Ti02 I 6.55 i 6.34 1 5.07 | 7.65 | 5.47 | 5.27 | 3.10 | 7.01 | 7.25 | 9.15 | 8.24 | 7.87 
CaO/Ti02 I 6.4S | 5.53 | 6.45 | 7.04 | 5.40 | 5.58 | 3.64 | 5.50 | 7.75 | 7.20 | 7.93 | 6.03 
AI2O3/T1O2 I 8.55 I 6.60 I 6.52 | 7.85 | 11.08 | 5.76 | 4.07 | 6.75 | 7.28 | 10.40 | 7.55 | 8.13 
.... I I I I I |.. I I I I I I 
FeO /MgO | 1.63 | 1.42 | 1.87 | 1.36 | 1.60 i 1.55 | 2.20 | 1.38 | 1.50 | 1.50 | 1.35 | 1.45 
MgO/CaO | 1.01 | 1.15 | 6.79 ,' 1.09 | 1.04 | 0.95 | 0.85 | 1.28 ! 0.94 j 1,27 | 1.04 j 1.30 
1 - - 1 i I I I I I I I I I 
i i I I 1 I I I I I I I 
HgO/AljOo I 0.73 | 0.96 | 0.76 | 0.98 | 0.62 | 0.92 | 0.76 | 1.04 i 1.00 | 0.88 | 1.09 | 0.57 
contd . 
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Saiple nuitber 
Field nuaber 
SiOi 
T1O2 
M2O3 
t 
FeO 
HgO 
CaO 
liaiO 
K2O 
h% 
m 
LOI, 
Kg N& 
CaO/Al203 
KgO/TiOi 
CaO/Ti02 1 
M2O3/T1O2 1 
t ' 
FeO /MgO i 
HgO/CaO | 
KgO/Al203 | 
i 13 
1 l!l-2 
1 50.27 
1 2.27 
1 10.38 
1 14.94 
( 9.09 
1 4.50 
1.18 
1.42 
0.29 
0.21 
2.60 
56 
0.43 
3.9S 
1.98 1 
4.58 1 
1.65 1 
2,01 1 
0.88 1 
1 14 
1 l!i-7 
1 50.44 
1 1.12 
1 11.16 
1 13.91 
i 10.27 
1 8.50 
2.07 
1.61 
0.3C 
0.21 
2.61 
61 
0.76 
9 . 2 ! 
7.62 
10.01 1 
1.35 1 
1,21 1 
0.92 1 
1 15 
1 Kl-11 
1 51.21 
1 1.76 
1 10.53 
1 14.36 
! 8.13 
1 5.87 
1,81 
0.65 
0,25 1 
0.21 i 
2.49 1 
J J \ 
o.5fc ; 
4.61 i 
3.33 1 
5.98 1 
1,77 I 
1,39 1 
0,77 1 
16 
KM2 
51.31 
1.51 
10.28 
12.64 
7.63 
8.34 
2.41 
2.3f 
0.26 
0.21 
56 
C . E : 
l.H 
C t l I 
( 10 1 
1.66 1 
0.91 1 
0.74 1 
1 !7 
i 0 - 1 3 
1 50.53 
1 1.59 
1 10.01 
1 15.33 
1 8.26 
1 10.21 
2.48 
0.78 
0.24 
0.24 
1.62 
^' 
1.02 
5.IE 
6.40 i 
6.28 1 
1.86 1 
0.81 1 
0.82 1 
1 le 
1. 
1 
1 G-6 
i _ . 
i 
1 52.26 
1 t 
1 1.62 
1. 1 1 1 
1 16.03 1 
\" 1 
1 11.15 1 
1 1 
i 5.25 1 
1 1 1 1 
1 l . * 2 1 
i 1 
2.51 1 
1 
1 
4.32 1 
0.15 1 
0.22 1 
1 
1 
2.17 1 
1 
50 1 
. . 1 
1 
0.09 1 
3,23 1 
1 
0.88 1 
|-
9.88 1 
2.12 1 
3.70 1 
0.33 1 
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G-17 
52.75 
1.83 
10.42 
12.66 
11.01 
7.76 
2.14 
1.86 
0.18 
0.20 
1.41 
65 
0.74 
6.03 
4.23 
5.68 1 
1.15 1 
1.42 j 
1.06 1 
1 20 
1 J-13 
j 58.34 
1 1.51 
1 12.26 
1 13.17 
1 2.06 
1 1.62 
1 3.50 
4.71 
0.22 
0.23 
1.03 
i 
0.13 1 
1.37 1 
1 
1.C7 ; 
1 
8.12 i 
1 
6,39 1 
1,27 1 
""1 
0.17 1 
i 21 
1 T-2 
1 50.17 
1.62 
11.61 
12.37 
7.51 
8.58 
2.10 
1.51 
0.12 
0.18 
1.64 
56 
0.74 
1 
4.64 1 
1 
1 
1 
7.17 1 
1.67 1 
0.88 1 
0.65 1 
1 22 
1 M 
1 51.04 
1 1.96 
1 10.18 
13.96 
7.03 
8,29 
1.49 
1.02 
0.17 
0.19 
3.23 
52 
0.81 
3.58 
4.22 
5.18 ! 
1.99 1 
0.85 1 
0.69 1 
j 23 
1 BJ-1 
I 48.49 
1 1.41 
1 16.43 
1 11.70 
6.15 
8,03 
4,20 
0.67 
0.23 
0.16 
2.04 
53 
0.49 
4.36 
5.70 
11.65 1 
1.90 1 
0.77 1 
1 
0.37 1 
1 24 ' 
1 EJ-2 1 
1 51.03 j 
1 1.34 1 
1 15.53 1 
11.41 1 
1 6.03 1 
6.46 1 
4.27 1 
0.72 1 
0.19 ( 
0,15 1 
1,88 1 
53 1 
0.42 1 
4.5C ] 
4.57 1 
11.61 i 
1.89 i 
0,93 1 
0.39 1 
cor.td 
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S a i p k nuEber 
Field nusber 
S1O2 
T1O2 
AI2O3 
1 
FeO' 
HgO 
CaO 
1)320 
IjO 
h% 
MnC 
LOI 
«a No 
CaO/?.;20-, ' 
«g9/Ti02 j 
Ca':/hOo 1 
Al-Ov/TiO, i 
t, 
FeO /MgO | 
«gO/CaO i 
MgO/Al203 | 
1 25 
1 BJ-3 
1 47.55 
1 1.42 
1 16.43 
1 11.65 
1 5.25 
1 5.39 
7.64 
0.25 
0.20 
0.28 
3.57 
49 
0.33 
3.70 
1 00 1 
11.59 1 
2.22 1 
0.98 1 
0.32 1 
1 26 
i BJ-4 
1 45.26 
1 1.22 
1 17.23 
1 12.71 
1 
1 6.89 
1 5.85 
4.46 
2.64 
0.17 
0,20 
2.92 
53 
0.34 
5.65 
4.81 
14.17 1 
1.84 1 
1.18 1 
0.40 i 
1 27 
1 BJ-5 
1 49.91 
1 1.16 
1 15.18 
1 11.27 
1 7.28 
1 6.07 
f 3.42 
0.66 
0.17 
0.19 
4.96 
58 
0.40 
6.28 
5.24 1 
13.09 1 
1.55 1 
1.20 j 
0.48 1 
1 28 
1 BJ-6 
1 48.80 
j 1.05 
1 14.90 
1 11.84 
1 7.92 
I 6.00 
1 3.81 
0.77 
0.17 
0,34 
3.86 
59 
0.40 
4.54 
5.73 1 
14.24 i 
1.45 1 
1.32 1 
0.53 1 
1 29 
1 BJ-7 
1 50 .70 
1 1.16 
1 14 .81 
1 11.28 
1 8 .75 
3 .89 
3 .32 
0.54 
0.18 
0,28 
4 .95 
62 
0.26 
7.54 
3.34 
12,72 1 
1.44 ! 
2 ,25 1 
1 
0,59 1 
1 35 
i BJ-8 
1 43,61 
1 1.13 
1 15.48 
1 11,45 
1 6,51 
1 7.44 
4.14 
0,40 
0,18 
0,20 
9,95 
55 
0,48 
5.76 
6 .59 
13.71 1 
1.76 1 
0,87 1 
0,42 ! 
1 31 
1 BJ-9 
1 55.27 
1 0.68 
1 13.52 
1 11,54 
1 3,17 
I 4,60 
1 
4,34 
1 1,98 
0,11 
0.70 
1 1 
3.27 1 
1 
1 
37 1 
1 
1 
0.34 1 
4.66 1 
1 
6.80 1 
1 
19.97 1 
3.60 1 
" 1 
0.69 I 
0.23 1 
1 3: 
1 
1 
1 BJ-10 
1 
1 
1 43.98 
1 
1 
1 1.61 
1 16.33 
11.64 
13.20 
4.28 
2.37 
2,93 
0.21 
0.23 
2.33 
71 
0.26 
8.2c 
2.65 
10.13 1 
0.90 1 
3.09 1 
1 
0.80 1 
1 BJ- l l 
1 50.32 
1 1.38 
1 15.14 
1 11.71 
1 7.10 
) 4.71 
3.64 
1.11 
0.24 
0,17 
3,27 
56 
0.31 
5.14 1 
3,42 
10,99 1 
1,69 ! 
1,51 1 
0.47 1 
1 34 
1 BG-1 
1 48.03 
1 1.10 
i 15.71 
1 13.00 
1 6.71 
1 7.26 
1.92 
0.79 
0.30 
0,43 
4.28 
52 ! 
0.46 1 
6.10 1 
6.61 1 
14.30 1 
1.94 1 
0.92 1 
0.43 1 
1 ^r 
j J J 
BG-2 
52.04 
1.25 
16.43 
11.34 
6.19 
7.51 
1,87 
0.52 
0.34 
0,16 
2 , 1 7 -
54 
0.46 
4.95 
6.02 
13.17 1 
1.83 1 
0.82 ( 
0.38 1 
i 36 
1 BG-3 
1 51.25 
1 0.92 
1 15.97 
1 11.42 
1 7.05 
1 6.81 
2.19 
0,63 
0.17 
0,28 
2,62 
57 
0 , 4 - • 
7,66 I 
7,38 1 
17.32 1 
1.62 1 
1.04 I 
0.44 1 
1 ' ' " I 
i : 
1 1 
BG-4 1 
i" 1 
52.28 1 
1.22 1 
15.06 1 
11.57 1 
6.97 1 
4,33 1 
2.75 1 
0,48 1 
0,21 1 
e.ie ] 
4.77 1 
56 1 
0 .2° 1 
3.47 i 
12.05 1 
1.66 1 
1,61 1 
0,46 1 
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Table 4. Kaior e leetr t aLundar.cts (ir, vtiijli ptrcei.t! dnJ tieai'-r'. ralioj. cf Uittr 
SaitpJe nusbtr 
Field nuiber 
SiOi 
T1O2 
AI2O3 
t 
FeO 
«gO 
CaO 
Na20 
K2O 
¥5 
MnO 
LOI 
Hg h 
CaO/AliC^, 
Kg3/Ti02 
CaO;T.02 1 
AI2O3/T1O2 1 
t ' 
FeO /KgO i 
MgO/CaO | 
HgC/AJ20: j 
1 8« 
1 KL-l 
1 45.42 
1 fl.34 
1 6.74 
1 17.04 
; 13.14 
1 11.55 
I 2.44 
ND 
0.02 
0.23 
2.84 
62 
1.72 
38.37 
34.04 j 
19.86 1 
1.23 1 
1.14 1 
1.95 1 
1 85 
1 EL-2 
1 42.60 
j C.18 
1 8.31 
1 16,62 
1 11.17 
1 14.12 
2.92 
0.12 
0.14 
ft " 1 
1 
1 
2.58 1 
1 
1 
CC 1 
^ J 1 
"i 
1.7C 1 
1 
6'' 6'' 1 
1 
i 
76.68 i 
1 
1 
45.10 i 
1.4« 1 
1 
0.79 i 
" I 
1.34 1 
i 86 
1 KL-3 
44.14 
0.35 
8.42 
18.58 
12.22 
11.29 
2.38 
0.02 
liC 
e.25 
1.08 , 
58 1 
1.34 1 
34.'5 1 
32.11 ! 
23.94 i 
1.52 1 
1.08 1 
1,45 1 
1 87 
1 KL-7 
50.60 
1.00 
12.34 
11.94 
8.33 
9.59 
3.03 
0.70 
0.16 
0.28 
2.00 
60 
n 70 
8.33 
9.59 
12.34 1 
1,43 i 
r C7 1 
0,68 1 
1 88 
i liL-8 
1 50.09 
1 0.84 
1 11.94 
i 11.44 
1 11.31 
9.21 
3.43 
0.47 
0.20 
0.21 
0.86 
68 
0.7? 
13.42 
10.9c 1 
14.21 j 
1 n' 1 
) 
1.23 1 
1 
C.95 1 
1 89 
1 KL-9 
1 47.96 
i 2.54 
1 13.77 
6.89 
10.23 
11.44 
3.61 
1.23 
0.17 
0,29 
2.09 
76 
0.83 
4.04 
4.51 
5.43 
0.67 1 
0.89 1 
0.74 1 
1 90 
1 KL-10 
1 38.62 
1 1.34 
1 13,96 
1 15,39 
1 10.49 
1 12,46 
2,16 
0.48 
0.40 1 
0.31 1 
4.33 1 
59 1 
0.89 1 
7.83 1 
9,30 1 
10.42 ! 
1.4; 1 
0.84 1 
0,75 1 
91 
KL-11 
40.83 
2.17 
14.02 
14.19 
9,26 
11.98 
2.40 
0.61 
n 10 
0.41 
3.51 
^1 
0.85 1 
4.27 1 
5.52 1 
6.43 1 
1,53 1 
0.77 I 
0,66 1 
! 92 1 
1 KL-12 1 
1 47,64 1 
! 0.81 1 
14.70 1 
13.25 1 
8.38 1 
8.97 1 
3.74 1 
0.48 1 
0.12 i 
0,46 1 
1,44 1 
57 i 
0,61 1 
10,37 1 
11.0^ 1 
18.15 1 
1.58 1 
0.93 1 
0.57 1 
c o n t d , , . 
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Sa»ple nusber 
Field nuaber 
SiOj 
T1O2 
AI2O3 
t 
FeO 
«gO 
CaO 
»a20 
IjO 
¥1 
HnO 
LOI 
Hg fio 
CaO/Al203 
HgO/TiOj 
Ca0/TiO2 
AI2O3/T1O2 
t ' 
FeO /KgO t 
HgO/CaO | 
«gO/Al203 1 
1 93 
1 KL-13 
1 41.83 
1 0.52 
1 9.57 
j 21.16 
1 10.48 
1 9.78 
2.21 
! 0.98 
0.18 
0.47 
2.73 
51 
1.02 
20.34 
18.83 
18.42 1 
2.02 1 
1.07 1 
1.06 1 
1 ?« 
1 KL-14 
I 40.66 
1 1.32 
1 14.85 
1 14.02 
1 10.00 
1 11.35 
3.21 
0.49 
0.15 
0.43 
2.80 
60 
0.76 
7.56 
e.5« 
11.25 
1.40 1 
0.86 1 
1.67 1 
1 "iS 
1 KR-1 
1 44.06 
1 0.12 
1 9.94 
1 15.89 
1 8.53 
1 12.64 
1 1.41 
1 0.25 
0.15 
0.45 
3.97 
53 
1.27 
70.15 
108.00 
82.00 1 
1.86 1 
0.67 1 
0.86 1 
1 56 
I 
1 
1 KR-2 
1 42.63 
1 0.15 
1 7.75 
1 19,89 
1 9.45 
1 11.56 
i 2.95 
0.06 
0.05 
0.43 
2.86 
50 
1.49 
62.75 
76.06 
51.00 1 
2.08 1 
0.82 1 
1.22 1 
1 57 
1 I!R-3 
1 47.70 
1 0.12 
1 5.34 
1 13.24 
1 11.98 
1 14.44 
3.77 
I KD 
0.06 
0.31 
1.86 
66 
2.71 
99.83 
120.33 
44.50 1 
1.11 1 
0.83 1 
2.24 1 
1 98 
1 SR-4 
1 42.86 
1 0.14 
1 10.78 
1 16.81 
1 9.50 
1 14.11 
2.40 
0.12 
0.22 
0.39 
2.45 
54 
1.31 
69.71 
101.00 
77.14 
1.77 1 
0.67 1 
0.88 i 
1 99 
1 i!R-5 
1 49.57 
1 0.31 
1 9.51 
1 8.78 
1 9.75 
1 14.39 
1 2.70 
1 0.61 
0.21 
0.38 
2.76 
70 
1.51 
31.66 
46.90 
31.00 i 
0.90 1 
0.68 1 
1.03 1 
1 100 
1 I!R-6 
1 43.14 
1 NB 
1 6.76 
1 20.01 
1 9.94 
10.76 
2.88 
j m 
0.04 
0.48 
2.50 
52 
1.59 
-
-
-
2.01 1 
0.92 1 
1.47 1 
1 BE - fl 1 
1 1 
1 1 
1 0 R 1 
1 38.21 (38.39) | 
1 2.58 12.62) 1 
1 10.22 (10.12) 1 
1 12.92 (12,84) 1 
1 13.20 (13.22) 1 
1 13.65 (13.94) 1 
3.30 (3.20) 1 
t 1.43 (1.40) 1 
1.10 (1.06) 1 
0.20 (0.25) 1 
BE - II -- iod standard 
0 -- Observed vlues, R ^ Reported values (After GoviDdaraju 1984) 
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Table 5 . C . I .P .K. KorEatiVc CoEp..sitiori of B^yana VGlcdiac;.. 
Sampie number 
Field nuiber 
C 
Or 
Ab 
An 
Ne 
Cor 
Di 
Hy 
01 
Ht 
I! 
AF 
Noricati 
tlagioc 
Coiiip.jSi 
Kortiati 
Colour 
Index 
lase 
tion 1 
t't 1 
1 1 
1 M 
1 -
1 5.56 
1 14.15 
1 22.80 
1 -
j -
16.36 
3?.60 
0.69 
-
i . Ju 
0.34 
61.71 1 
51.23 1 
1 2 
t K-2 
1 -
1 5.00 
1 14.67 
1 18.8] 
-
-
20.15 
38.41 
0.34 
-
3.04 
1 
1 
i 
1 
61.96 1 
1 
1 3 
1 
1 
1 F-4 
1 1.44 
1 
1 
1 i; no 
1 
1 
1 20.96 
1 12.56 
1 
-
28.27 
28.44 
' 
2.83 
0.34 
37.4? ' 
J y i C i / j 
1 4 
1 ^ 5 
1 -
1 6.67 
14.15 
18.35 
-
-
23.59 
21.40 
12.83 
-
2.58 
C.34 
56.46 1 
60.40 1 
1 5 
1 F-6 
1 2.82 
1 3.34 
j 18.34 
30.86 
-
-
2.54 
38.40 
-
-
2.^i 
l.OI 
1 
1 
1 
1 
1 
1 
1 
1 6 
1 
1 
1 KR-1 
1 
1 
i -
1 
1 
1 4.45 
17.82 
15.85 
-
-
26.47 
23.98 
7.76 
-
3.34 
0.34 
47.07 ' 
1.1 C - 1 
V I . V / j 
1 7 
1 (;E-4 
1 3.10 
1 3.89 
t 16.77 
1 15.57 
-
-
22.32 
3].47 
-
-
4.56 
0.34 
48.14 1 
r I . J J j 
1 6 
1 I;E-5 
1 2.10 
i 3.34 
1 11.00 
1 20.29 
j -
-
17.44 
42.46 
-
-
2.8= 
0.34 
64.84 j 
62.75 1 
1 5 
1 KE-9 
1 -
1 2.76 
1 16.77 
1 16.40 
-
-
28.48 
25.42 
3.3! 
-
2.58 
0.34 
49.44 1 
1 
63.^9 1 
1 1 
1 ic 
1 n - 6 
1 
9.45 
14.15 
18.35 
-
-
15.43 
32.30 
8.54 
-
1.98 
0.67 
56.46 
1 11 
1 l!l-3 
1 -
1 4.45 
1 14.15 
1 17.24 
1 -
-
28.17 
20.14 
12.97 
-
2.74 
0.34 
54.92 1 
64.02 j 
1 12 ; 
1 1 
1 1 
i Kl-5 i 
1 1 
1 1 
1 - 1 
1 1 
1 .1 i 1 
1 3.89 1 
1 1 1 1 
1 14.15 i 
1 1 
1 20.29 1 
- 1 
- 1 
U CI 1 
K (.1 1 
4.34 ! 
- 1 
2.58 1 
0.34 , 
58.9! j 
c&nci . . 
!01 
Sam;It nuBbtrl 13 | 14 | 1: | li, \ \1 I U \ 19 ,' 2t j 21 | 22 | 23 24 | 
1 1 i 1 1 i 1 i 1- 1 1 1 1 
F i t l d nuniber | Kl-2 i i ; l-7 | Kl-11 | Kl-121 Kl-13 | G-6 | G-17 | J-13 1 T-2 | M | BJ-1 | BJ-2 | 
1 -1 1 1 1 1 1 1-- 1 -1 -1 1 1 
5 1 5.2B 1 - 1 5.46 | - I - | - 1 - 1 1.5C | - | 5 .46 | - I - I 
, 1 1 1 1 , 1 , , 1 1 j 1 
Or 1 8 .90 1 9 .45 | 3.E9 | 1 4 . 4 6 | 4 .45 | 50 .04 | 11 .12 | 34.47 | 9.45 | 6 .12 | 3 .89 | 4 .45 | 
- 1 i 1 1 1-- 1 1 i 1 1 - 1 1 1 
Ab 1 1 0 . 4 8 1 17.82 | 16.24 | 20.96 | 20 .96 | 9 .96 | 17 .82 | 29.67 | 18.34 | 13 .10 | 33 .54 1 37.20 | 
1 1 1 1- 1 -1 1 1 1 1 1 1 1 
An 1 2 0 . 0 2 i 16 .40 | 19.74 | 10.56 | 13 .90 | 6 .39 | 13 .62 | C.g3 i IE.63 | 19 .18 ( 24 .74 | 21 .41 ( 
1 -1 i 1 1 1 i 1 - - I 1 - i - 1 1 
lie 1 - 1 - 1 - 1 - 1 - 1 5 .81 1 - ! - 1 - 1 - 1 1.42 1 - 1 
Cor 1 - i - i - 1 - 1 - 1 0 .51 1 - 1 - 1 - 1 - 1 - 1 - 1 
1 - - I ! 1 1 1 1 1 1 1 i 1 1 
Di 1 1 .61 i 19 .94 1 7.85 | 25.36 \ 30 .03 i - | 19 .57 | 4 .78 | 20 .75 i 19 .24 | 13 .17 \ 8 .71 | 
1 i 1 1 - i i 1 1 i 1 i - 1 1 
Hy 1 4 8 . 5 8 1 15 .62 1 42.67 1 14.79 1 15 .02 1 - | 24 .00 | 25 .03 | 25.96 | 32 .55 | - | 13 .38 1 
- - - - 1 1 1 1 1 1 1 1 1 1 i 1 1 
31 1 - 1 IB.OC 1 - 1 10.32 1 12 .52 | 23 .52 | 10 .29 | - | 3 .38 | - | 15 .74 | 7 .32 | 
_ . _ . . 1 1 1 1 1 1 1 1 1 1 1 1 1 
i 1 1 1 1 1 1 1 1 1 1 1 1 
Mt 1 - I - i - 1 - 1 - i - 1 - 1 - 1 - 1 - 1 4-41 1 4 .18 i 
1 1 1 1 -1 i 1 1 ! i 1 1 1 
11 1 4 .56 1 2.13 1 3.50 ] 3.04 | 3 .04 1 3 ,19 | 3 .50 | 2 .89 | 3 .19 j 3 .95 | 2 .74 | 2.58 | 
1 1 1 1 1 1 1 1 1 1 1 1 1 
Ap 1 0.67 1 0.67 1 0.67 | 0.67 | 0 .67 | 0 .34 | 0 .34 | 0.67 | 0 .34 | 0 .34 [ 0.67 | 0 .34 | 
. - - - . - ! 1 1 . 1 ' l _ 1 1 1 . 1 1 1 
1 1 1 1 1 1 1 1 ' 1 1 1 1 
N c r a a t i v t 1 1 • ! 1 , 1 1 i 1 1 i ! 
? l i ^ i . c h 3 z 1 6 5 . - 4 1 V.',. ' 'J.':- , • \ 5 0 | 3 ^ E i , 24 .55 | 4 3 . 3 2 | : . ? : { 50 .39 | 59 .42 | 4 0 . 9 / | 3 t . 5 " ; 
COIGI;: | 54 .^5 | 55.^5 , 5 < . 0 : i 53.51 1 6 ^ 6 1 , ^ 6 , : ] ; 4 ? . i t , ' 1 , 7 : j 53 .26 ] 55 .74 I 36.06 j 36 .1^ ; 
Indts 1 1 1 I 1 i 1 1 1 1 1 1 I 
con td . 
20; 
-d lU j - i t hul i l i - ^ Lj • i. * 1 i ' ( A " ] J .. 1 ^ X , J * , ^ ] " I 1 J „ , 1 
1 ! 1 1 , , 1 
1 . 1 1 1 • ' " . 1 - - - - , 
- - _ l 1 j _ . ' . - 1 1 1 1 . . ' ' . 1 . - 1 1 
1 1 1 1 1 1 , 1 • 1 1 1 1 1 ' 
1 ! ' - ! 1 1 ' 1 ! i 1 1 _ . l 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 
i 1 1 1 1 - 1 1 1 1 1 1 !- 1 i 
1 1 1 1 1 1 1 1 1 - 1 1 1 1 1 
1 — 1 - - 1 — 1 - 1 — 1 - 1 - 1 — 1 — 1 — 1 — ; i — 1 
11, i n n i n i c i i . i ^ i t i d i I ' l T ' i 1 1 1 1 1 jtc j i / . j i . j l i i ' u ! 1 j j ji'i^ j " j LtLt 1 " 1 " 1 ~ 1 1 1 
\ t 1 ) 1 1 1 . . ) 1 1 1 1 1 . - 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 
^"' 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
1 . 1 . 1 1 l _ - 1 1 1 _ , l . 1 1 _ . | . _ ! ' 
1 1 1 1 1 1 1 1 1 1 i 1 1 ^ 1 
r 1 n o'^ 1 T I f i < ' j ; 1 c p f 1 . 1 n en 1 0 '11 1 . i i '• T O i n t o i n co i . ' 
V^ 1 IJtJi. I l%:V j I . J i ^ ! U i& i . I 1 l i t J U 1 J,Li 1 ) 1 i • *. y 1 l » C v 1 \j ,\.'J j 1 
l _ ' 1 ' 1 ' 1 1 . . _ _ i _ i 1 ._' . . ' 1 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 
U" ! . ! . 1 ' ' 1 cn 1 i n TCI 1 IC K 1 _ ; Tn n i 1 . i n i or ' T J C T I T I gc I I I Q I I i l i f i 
1 1 ; . 1 1 ' 1 i 1 1 1 1 1 
m 1 14 1 / ! ' ' I (•! ' 1 0^ 1 ' t: ( ' ) ! _ 1 i p 7c 1 . 1 T OB 1 • r - i > \ _ ' 
1 ' 1 1 ' 1 1 , 
Ll^ j T t - J i ; l . i L , ^ . ' T | J i y T j j i y l j ' l i i U | J t i ^ j I t U I ] - I i i i , ! ^ • . ' ^ , l . i ^ j J i i ^ i ^ . i V | 
1 ' ' 1 ' . , ' , ' 1 1 1 
1 1 ' 1 ' i i 1 1 ' 1 1 1 . 
^ ' 1 T 7 < ! ' n " ' C I 1 1 ^ 1 I ' j p i n n i i n i i i o i ' ^ < i " - o i o n i l P ' ' i •) t^ ' 
i i 1 i » ' i | i i ' i j i i t t w j i t j . ^ i i i i O | i i l J j l i j / j j t i ' i i . f ( l j * . i i j | i i t j ] i ilii. \ i t ' r j , 
Aj 1 C.34 1 C.34 1 ; . J i C.34 ; C.-4 1 C . j ^ | [ .34 ; O . T ; C / ' i . : ' j C.6? j C.34 ; C.S; 1 
1 1 1 1 1 " i ! , " i i 1 " 
> ; , • , - • ) • , 1 1 ' I ! 1 1 1 1 1 ' 1 1 
- > - , ^ - . t , ~ . 1 ' 1 ' i ! 1 ' , 1 1 1 
I' - _ - > . . , 1 1 ' ; i 1 1 1 1 1 1 
. K i U , 0 . i . - . 1 1 1 1 1 1 1 1 1 , 1 1 1 1 
I">^Ci i 1 1 i 1 1 1 1 ' 1 1 1 1 
-> n 7 20 
F j i l f t . T r a c t e l e m t n t i l v u Z r . r c c ( i r p p s ' aiid e l e m t n t r a t i t s of E d \ a : a V lc<= 
Sample n j n i b ' r l 1 | 2 | 3 | 4 | 5 ] 7 | 8 I 9 | iP 1 11 | If, | 17 | 1? | 20 i 2 i | 22 
I I I ; I ! I I I I I I I I I I 
- - I - I 1 1 1- I 1 1 i " , 1 1 1 1 1 - -
Field ruEber | K-1 | 1.-2 | F-i | 1-5 | l - k | KR-4 | FR-5 1 EF-? | Kl-o | Kl-3 | r,l-12| Kl-13| G-6 | J-13 ] T-2 | T-1 
- - --I 1 1 ' 1 1 - I 1 1 1 1 1 1 1 1 1 - -
Ni I 22 ; £9 i 47 I 32 I 117 | 49 | 130 [ 9 8 | 91 | 145 | 38 | 137 | 21 | 57 | 61 | 47 
- - - I 1 i i 1 1 1 - I 1 - I i I I- I 1 1 - -
Cr I 374 I 361 | 324 | 352 | 203 i 290 | 217 | 396 | 397 | 280 | 323 | 134 | 235 | 67 | 86 | 110 
1 1 1 1 - I 1 1 i 1 1 1 1 1 1- - 1 - - I - -
Co I 50 I HA I M. \ U I 48 \ U | 52 | NA | NA | 56 \ U | 58 | NA | 25 | NA | NA 
1 - I 1 1 1 1 1 -I 1 1 1 -I 1 1 1 1 - -
EL I 26 I 29 I 10 I 24 I 6 | 4 | 17 | 17 | 35 | 17 | 27 | 23 | 159 | 7 | 40 | 28 
I 1 -I 1 i 1- I i 1 1 - i 1 1- I 1-- 1 - -
Sr i 221 I 224 | 323 i 256 | 107 | 248 | 229 | 291 | 222 | 256 | 67 1 196 | 63 | 9 | 167 ] 176 
1 1 1 1 1 - I i -i 1 1 1 1 1 - I 1 1 - -
8c, I 151 I M I U i fl?. I SS i U I III i E I M { 22(1 ,' M I 218 { M l i { U \ M 
— I - - I — i I — I — i — I — I — I — I — I I — I — I — ; — 1 - -
V I 245 I NA I NA ! NA | 230 | NA | 249 | NA | NA i 250 | NA | 284 | NA | 68 | NA | KA 
----- - i — I — I — I - I — I - i — I — I — i — I - i — I — i I — ; - -
Zr I 55 I 92 ; H i | 89 | 61 | 182 | 50 | 111 | 88 [ 5 9 | 91 | 103 | 122 | 106 | 125 | 139 
1 i i 1 1 - I - I - ! - I 1 i i I 1 1 - 1 - -
\ I 18 I 19 I 20 I 18 I 17 I 34 I 19 I 20 I 22 I 19 I 22 I 26 I 31 I 24 ; 28 I 25 
I I I j I . . I I 1 ..I -.1 ..| i_ .1 ..I 1 
Nb I 6 I 4 j 8 I 6 I 9 I 19 I 9 j 10 ! 6 i 9 1 3 1 14 I 9 1 8 i £ i 13 
1 i 1 1 1 1 1 - I - I 1 1 1- I 1 - I 1 - -
Sc I 30 I NA I NA I NA | 27 | SA | 29 1 KA | NA | 30 | NA ] 32 | NA | 9.46 ' ';J i NA 
1 — 1 — 1 — I — 1 — I - I — i — I — I — ; - I - I — I — I — 1 - -
Th I 1.45 i 2.40 I C.62 | 1.47 | 1.37 | 0.98 | 1.56 | 0.86 i 2.01 | 1.51 | 2.45 | 2.63 | 16.00 i 13.47 | 6.00 | 2.61 
! -I 1 1 1 I. -] I. I I I I I ' I-- .--
I I I I I I I I I I I I I I I I 
L j V j . j l | U . U . / I V . C o j \1 t'ji. \ l . Z l / , 1 . 0 / j V . i U J t . C o j V. . | U . J U J U . U ; j U . ^ C j i . i ^ j i . J l - l i »\j^ \ \} %\J'J 
1 1 1 ! 1 I I . 1 . I I I I I . . I I 
I I I I I I I I I I I I I I I I 
Hi 1 i . J ^ 1 Mn I ilr I [in j i . ' l v j nfi ) i . j u j nn | nn j i»Hi. \ ab \ i . U J j Rn j i,^^ j nr i nr 
I I ^ I I I j ^ j I j j . _^  . j ^ 
' 1 1 f' ' N> I K> ' )i> I 1 11 I K» 1 1 l l I >» i 111 ' 1 40 I Ml I 1 PA ' Kl I ' Ik k> I Kl 
io I i . J - I nr, j nr ( nr | i . i t j ftn j i . j i | »n j m | i . S u | nfi | i . C ! | Hfi j i . ^ 4 | ^n | nh 
I I - - I I I I I I . 1 I I I I I I 
111 ;\ I t 1 I n 10 I p JO I f V. ' ri so I r cf i n n i n r r i r ' i \ r\ n \ n u I fl U i n 70 I n "n i r •^t; > n c 
n. . / I I v . v ^ l u . i ^ l v . ' l y , U . J j j o . ^ j j U . j O j V . S , I . . . j i j v,.i } O . ' i / } v j . l » i | U . O ^ j U . i ' j » J . J J | v . i ( b .J , . 
I I ' I I , 1 I I _ I _ I I i 
I I 1 . I 1 I I I ' I I I I 
r-' i I "> U i I S ' t nr , I (ij I 1 tu ' c n i 'I eg I c cr ) '^  I T i l l i 14 I 1 Qc I J O / i r I ; t' c Ct 
I -' -\ I ..I ' I ! I ' _ 
T./V i 33 ; NA 1 N? hA ' 35 \ U \ 35 ' II ' h' ; 3. i NA | 34 | NA , i.' , f.i ' N? 
-- ---! I ' I I I _ . l I I !.__ _ I . 
I I I I I 1 ' I I I ! 
"-'IT ri„ !n f n \r n'^tp ir T - O ic nnci ip p r i i in n p i c if n r : / ir n r c i lo n ^ i n \r r P i c in (i''tn in n n t c in n n 7 c in n^'i u ","" 'r n " " " 
- - - - - ' — 1 — I — I — ' ; — 1 — i - ; — I — ; — i — i — : - , — , — 
7 ^ / p ^ r - in p f If ^i.' ") n : ^ sr n : ip r ' r i r n ^ in m c if '^:r r ^oc i r ^ic i r n u I fi r)n in pp- n r,n ' T C P i r n r o " 
tjwr"^.t i w . i . ' j - ji^.i. J. lU.ui. | v . < , j i | v t „ i . | i / i i . . i ju. i . j i- ' | i - . . |>.iL,^ JL/.u i^  j » / . u . ^ | W . O T „ j l t u C i i i . V v ]^ti.Li,i. ,Uiy».ij i 
1 1 1 1 1 1 1 1 1 1 1 - I - i - I '- I 
I I '__ I ' I I I I I I I I ' ' 
v / u 1 1 0'' I 4 7 5 ! " 5, I i Cf ' 1 FF I i 7 6 i i n i " ir ' 1 ^ 7 i 7 " i • ' 7 7 1 pt ' i u 1 n " 1 1 t;n 1 c 
I - - j - - I I I I . 1 I I I I I I I I I 
Nt'Zr I 0.109 I 0.043 i e.0^[ j 0.067 i 0.14£ | 0.104 ; C.ISO | C.050| C.06f | e.l53| 0.033 i 0.136 i 0.C74 i 0.0^5 1 (.Col i 0.094 
I 1 1 I I- I I I I I '... I 1. I _ .1 
I I I I i I ( I I I I I I I I I 
;Ft+.%*Kn!'Zr| 0.44 | 0.26 | 0.1^^ i 0.29 | 0.34 i 0.13 i 0.53 | 0.22 i 0.29 | 0.45 | 0.23 | 0.25 | 0.13 | 0.13 0.1" , 0.16 
1 1 — I — ; I I — I — I — I — I — 1 1 1 — I — i — 1 — 
c '1' ] C 8 8 I fl 5 3 I 0 4 ' ' C 5 3 ' 0 ""^  i i T O i n oo n <i i n cc i n en > (1 f i i 1 if ' n i i i n ?' i ^ ic r i i 
j I j j I j I I I j j I I I . . I . 
Nb'T.C- 1 4.51 I 2.5b | 5.^2 | 4.33 ; 6.71 j 8.23 | 6.1c j 7.58 I 5.66 | 6.81 | 1,99 i 8.81 | 5.56 ' 5.2^ 1 4,94 i 6.t3 
- - - - - I — i — 1 — I — I — I — ; — I — I — I — I — I I I — i — I — 
1 — i — I — 1 - i — i — I — I I — I I — I — I — ; — 1 — i -
?.'!( I 443 I 4"2 i 43^ I 460 I 473 ! 40^ I 461 1 396 I 289 I 416 I 414 I 367 I 313 i 3^7 i 347 I 4^0 
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coniu. 
.'i U Jl fc. i 
Y.rli 
N; 
fr 
Co 
RL 
Sr 
Ba 
Ir.,!,-' 
r/L,tLtr 
• • 
1 
i 1?3 
1 
153 
1 . 
1 
.1 
1 
1 57 
1 
1 
1 
1 : ff 0 
1 
^11 
i 
1 BJ-2 
1 141 
1 153 
i 45 
! K 
1 235 
1 en 
1 u • i 
1 
1 
1 BJ-3 
j 121 
1 
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1 
1 
1 IC 
1 "^^  
1 
i 
1 4£ 
1 
1 126 
1 
i NC 
1 
, i. 
1 
BJ-4 
1 
245 
54 
111 
1 ji 
235 
504 
1 
1 BJ-5 
1 1 c: 
1 _. 
1 245 
1 
1 
1 
1 
1 
1 in 
t i J J 
1 _ 
1 
1 ND 
1. . 
1 
1 EJ-fc 
1 
J i. J 
46 
155 
•)•>( 
544 
• BJ - 7 
1 
1 
lit 
.. 
n 
J. 
172 
lice 
3" 
Ej-e 
1.', 1 
i 1. T 
244 
45 
71 
163 
J J J 
) 
BJ-5 
i 61 
1 
i 173 
1 23 
1 121 
j 80 
1 
1 656 
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1 BJ-IC 
1 S5 
1 305 
1 37 1 
j m 1 
1 77 1 
1 1073 1 
;; 
BJ-lli 
Eu 1 
219 1 
<' i 
52 i 
190 1 
NC 1 
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BG-1 
lU 
1 r,'' 
1 > i. 
45 
65 
135 
402 
BG-2 
77 
259 
i( 
202 
536 
1 
i EG-3 
1 !fn 
1 
i 366 
1 
1 54 
t 
1 IC 
1 
1 178 
1 
1 360 
1.. 
i 
1 
i 
j EG-4 
1 
1 t ; 
u 1 
1 Tin 
1 >•'•' 
1 1 
1 
1 15 
1 
1 117 
1 
1 254 
1- -
Tahic 7. Trace elenitnt aljuiidaiKT-K ( m ppr.) and eJemenl, r a t i o s of F^hotra 
a]q,)hibolitc.s 
Sarrfilc nijrnber 
Field number 
Ni 
Cr 
Co 
Rb 
Sr 
Ba 
V 
Zr 
Y 
Nb 
Sc 
Th 
U 
Hf 
Ta 
Nb/Y 
Zr/Y ' 
i 
Ti/V 
Zr/TiO^ ! 
Zr/P^O^ ! 
Zr/Nb j 
Y/Nb 1 
Nb/Zr 1 
(Fe^Mg-Mn)/Zr 
Si/Zr 
Nb 'TiO^ ! 
Th/Y j 
Ti/Y ! 
85 
I<L-2 
4 
27 
NA 
8 
21 
NA 
NA 
85 
27 
5 
NA 
NA 
0.28 1 
1 
NA 1 
! 
1 
0.19 
o 1 r, ' 
NA 1 
0.0471 
0.061] 
17.00 ! 
5.40 1 
0.059 j 
0.35 ] 
C.4B ] 
27.77 i 
NA ] 
40 j 
86 
KL-3 
234 
111 
97 
8 
34 
51 
44 
72 
14 
13 
1^  
8.62 
10.24 
1.87 
1.81 
0.93 
5.14 : 
1 O ! 
4o 1 
0.021] 
1 
Ml i 
5.54 i 
1.08 ; 
o.ici ; 
0.45 1 
0.58 ! 
37.14 ' 
i 
0.616! 
1 
150 ! 
87 
KL-7 
71 
192 
27 
319 
16 
172 
136 
53 
10 
9 
')0 
3.18 
0.70 
1.31 
1.54 ; 
0.90 
5.30 } 
43 1 
0.0055 j 
0.038 } 
5.89 i 
1 
1 . 1 1 I 
0 . 1 7 0 1 
6.,o 1 
0,95 
9.28 j 
0.318j 
1 
582 1 
96 
KR-2 
15 
45 
12 
13 
6 
16 
27 
41 
29 , 
4 
3 
3.44 
0.51 
0.50 
1.10 
0.14 
1.41 
33 
0.0273 
0.082 
10.25 
7.25 
0.098 
0.75 
1.03 j 
1 
26.67 j 
0.119; 
31 ! 
98 
KR-4 
16 
24 
7 
0.74 
21 
10 
11 
7 
1 
1 -37 
... J / 
1.60 
0.45 
0.26 
0.29 
0.29 
1.57 j 
36 ] 
0.0079 i 
0.005 1 
5.50 1 
•3 c;n ! 
0.182 
2.49 
3.73 
14.29 ' 
0.229j 
120 
BE - N j 
0 R 
353.06 (267.00) 
366.67 (360.00) 
60.84 (61.00) 
46.33 (47.00) 
1295.84 (1370.00 
957.06 (1025.00) 
237.58 (235.00) 
264.90 (265.00) 
30.90 (30.00) 1 
99.71 (100.00) j 
22.35 (22.00) [ 
9.09 (11.00) ! 
2.11 (2.40) 1 
4.87 (5.40) [ 
5.50 (5.50) j 
BE - N = Rock Standard 
0 = Obser\-ei v a l u e s , R = Repjr ted valu.is (After Gcivmdaraju 1984) 
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S u j c ^ i f ' • r , : 
Saisf It 
F idd 
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r 1. 
Kd 
blu 
Eu 
u u 
1 tj 
KG 
Er 
b^ 
U U 
ij in. 
IT IV^. 
Tiidui f r 
uuia^cr 
., 
" " 
!c 1 
'E 1 
IT ^.ly\r 1 
' 7 (-T., 
C f ' l i d 
(Ct / fL 
La/Ki 
La/To 
Ct/YL 
1% " ' ' 
11 ^ .^C 
Th/'ii 
Td/Yb 
1 
1 
i 
1 
; K-i 
11.07 
22.68 
2.% 
13.76 
3.C2 
1.23 
^ 10 
J • l U 
0 . J J 
0,34 
0.63 
1.7C 
0.26 
1 ')') 
P 1 C 
V • 1. J 
1.26 
1 i; i : 
S . x , 
1 CO 
1.23 j 
4.Sf j 
1 
1 oi; 1 
X . \ . J j 
1 
1 
IB t;o 1 
1 
0,26 i 
1.1? j 
1.24 1 
1 t 
1 
i ^ 6 
1 
1 1 0 . C2 
] 20.76 
1 " 
2.EI 
12.47 
, 2.73 
1.08 
1 
2.79 
0.54 
2,90 
0.61 
1.62 
n TO 1 
i 
1 I t 1 
i . J J 1 
n 18 1 
1 TC • 111.J 1 
1 " 1 
J . U -
C 10 1 
1 n 1 
1 . J ^ I 
4.Ci j 
' 1 ' 
1 . - - j 
8.95 ; 
15.3i ; 
L°[ ' 
C.4: j 
) 
1 rr 
o . e : ; 
l,F-5 
12.96 
22.98 
1 11 
13.95 
1 ^'^ 
1.14 
1 cr 
(1 5"^  
U . J J 
^ n J . J ' 
0.71 
1 Q1 
(1 IC 
1 T(! 1 
P IP ' 
1 U i 
1 
1.79 j 
1 
V . C i j 
i 
7.49 j 
1 11 i 
1 
. . ! : : i j 
1 
9.?: 1 
1 
1 
1.21 i 
1 
1 (11 1 
11 
1 
? ' - f 
i 
n 1" 
T fir 
14.36 
1 n 
1 •)•) 
3.40 
0.57 
^ '3') 
J /Jo* 
n TO 
V * 1 I 
1 QO 
1 • > ^ 
n If] 
1 CI 
i . . JJ. 
U • 1 / 
1 QT 
1.63 
5.45 
7.42 i 
1 T ; I 
1 • 4 J 
4.11 ] 
I,'5 ' 
".r* 
u c^  
r 7/ 
u t 1 1 
P IC 1 
1 nr I 
0.95 ' 
, r 
; Ki-13 
1 16.n 
1 K no 1 j\) ,\j\i 
j 4.72 
j 19.91 
4.96 
1.45 
A 10 
^ . JU 
n •'0 
4.59 
6.92 
2.50 
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1/ • t c 
1.21 ; 
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( 11 1 
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C U 1 
1 •)! 1 
(; ! • ' 
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1.43 j 
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1 ^ ^ 
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0.66 
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0.19 ] 
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C.IO j 
6.21 1 
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1 " 
rL-6 
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I") ' 1 
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49.98 
4.64 
17.05 
4.36 
0.86 
4.15 
0.66 
3,05 
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1.43 j 
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1.67 j 
3.64 j 
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(; 1 ! 1 
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11 I t 1 
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14.26 
27.61 
14.24 
2.84 
0.79 
n 01 
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C.82 
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0.71 { 
0.10 1 
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1 It ' 
1 
1 _0J i 
1 
1 
1 
- • • 1 
( 
1 
1 CC 1 
1 . . . , 
1 
1 
4.48, 
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9t 
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25.48 
38.48 
4.39 
16.91 
4.85 
. 
3.71 
0.92 
4.24 
0.67 
1.49 
(1 T-i 
0.75 
0.08 
1 T l 
T 01 
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1 
1 i n 1 
. . : : : iJ 1 
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6.37; 
1 
TO U 1 
1 
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1 
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1 
p I r 1 
1 
4 CO 1 
1 
1.4^ 1 
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1 
KR-4 
18.52 
25.46 
3.17 
11.62 
2.88 
3.05 
2.18 
f> no 
1 iO 
f. Tt; 
0.50 
0.08 
0.37 
1 f.f 
3.08 
34.04 
38.14 
1 " 
15 nc ' 
9.26 ; 
t l 0(, 1 
U^ . L 1, 
68.81 ' 
» . . 1 1 1 
n re 
4.32 j 
(1 ^C ' 
1 f t . 
1 
1 ' 1 
1 81.72 
150.35 
16.41 
66.02 
11.91 
•} 11 
0 TC 
1.30 
6,42 
1 nc 
. . 1 : ! : : . 
2.29 
f I f 
1.83 
0.24 
h 
R 
(82.001 
I J i . 1/ U ; 
;17.30! 
'70.001 
(12.00! 
!^60) 
(9.50) 
(1.30) 
(6.43) 
(1.10) 
(2.561 
. [ . 3 t : 
(1.30, 
(C.2i) 
BE 
'•>n7 07 
T.ahif 9 . Ci iq t of V a n , i t i ( j n u rd a v i x a ^ c ( licr.ui o l (•oiTq;»)r-,jt n^n (m^joi- elerncnl 
o x i d e : ) of Bayaiiuj v o l c a r a o s and l.hft r i a i i^>lu l>j l i tes . 
L l e m e n t s 
Ejyana v o l c a n i e b Kl ie t r i arr^>hilxj] i t e s 
Range 
Minimum i Maximum 
I Rangt.' | 
Average i 1 Avcragp 
I Mmutnum 1 Maximum I 
SiOo 
dm 
TIOT 
Al^O^ 
FeO^ 
MgO 
CaO 
Na^O 
K^O 
^2^5 
Mr^ ") 
Mg No 
CaO/Al^O-j 
MgO/TiO^ 
CaO ' T I O T 
A I ^ O - J / T I C T 
FeO^/MgO 
MgO,CaO 
MgO, Al ,,0.j 
1 43.61 
~ 1 
1 0.68 
i 9.42 
1 11.15 
j 5.25 
1 1.42 
i 1.18 
0.25 
n ^ ^ 
(1.15 
1 49 
\ i 
, 0.09 
1 1 
: 1.37 ; 
1 
0.88 
1 1 
' 4.07 
1 1 
1 1 
, 0.90 ! 
, 0.69 , 
1 
, 0.17 1 
58.34 
2.31 
17.23 
15.81 
13.20 
10.47 
4.46 
2.93 
0.34 
0.34 
71 
LOG 
9.21 
7.93 
19.97 , 
6.39 1 
3.70 : 
1.09 1 
1 50.53 
1 
1 1.42 
1 12.84 
1 13.00 
1 8.21 
j 7.02 
1 
1 
1 2.48 
; 1.03 
0.19 
0.22 
56 
0.59 
5.68 
5.17 
1 
9.77 1 
1 
1.83 
1.25 
0.66 
1 38.62 
; 0.12 
1 5.34 
1 6.89 
1 8.33 
1 8.97 
; 1.41 
0.25 
0.12 
0.21 
50 
0.61 ; 
4.04 i 
1 
4.51 1 
1 
5.43 1 
1 
1 
0.67 1 
0.67 ; 
1 
0.57 1 
50.60 
1 
1 2.54 
]4 .85 
21.16 
13.14 
14.44 
3.77 
1.23 
0.22 
0.47 
76 
1 
2.71 
i 
70.15 , 
1 
108.00 ; 
1 
82.00 1 
2.08 ; 
1 T3 ' 
1 
44.73 
0.81 
10.51 
15.01 
10.24 
11.76 
2.80 
0.55 
0.19 
0.35 
60 
1.24 , 
29.61 , 
36.87 , 
28.65 ' 
1.48 1 
0.89 
1.09 
Table 10 Range of variation and average chesnical connposition (trace 
elenents) of Bayana volcanics and Khetrt aitphibolites. 
Elaiients 
Ni 
Cr 
Co 
Rb 
Sr 
Ba 
V 
Zr 
Y 
Nb 
Sc 
Th 
U 
Hf 
Ta 
Nb/Y 
Zr/Y 
Ti/V 
Zr/Ti02 
Zr/P^O^ 
Zr/Nb 
Y/Nb 
Nb/Zr 
{Fe+Mg+Mn)/Zr 
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